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 Slaking of shales has been known to cause a variety of problems in tunnels and mines, 
and on some occasions has resulted in catastrophic roof collapses. Usually, severe slaking is 
caused by shale’s exposure to cyclical submergence in water and subsequent drying, but it has 
also been shown to result from fluctuations in humidity. To this date, a number of methods have 
been developed to anticipate how shale might respond to changes in humidity, yet these have 
relied on complicated and time consuming testing methods. As a result, the methods are not 
commonly used in the tunneling industry. In this study, a series of tests were used in an attempt 
to develop a method that addresses these concerns, making testing for slake sensitivity more 
accessible. Apart from immediate slaking responses, these tests were also used to examine the 
long-term effect that humidity exposure has on shale. Evaluating these reactions required 
performing some time-consuming tests, such as placing shale samples in humidity chambers, 
similar to those outlined in previous research. After cycles of humidifying and drying, the 
samples were subjected to standardized point load and slake durability tests to quantify the affect 
humidity has on the strength and slake durability of shale. After three cycles of humidifying and 
drying, the results of this study suggest that exposure to humidity impacts strength more 
significantly than slake durability. However, both properties are variable within and between 
rock types, and are therefore difficult to predict. The most significant impact on rock strength 
was instantaneous moisture content of the rocks when subjected to point load tests. Rocks 
recently taken from humidity chambers were significantly weaker than air-dried rocks of the 
same kind. Slake durability test results showed little dependence on pre-test moisture content, 
though exposure to at least one drying-humidifying cycle did increase slaking in some cases. 
Overall, little correlation was found between slake durability and point load test results. 
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Shale is a common rock worldwide, known for slaking behavior. Due to its relative 
abundance, shale is often encountered during underground construction. Slaking is a process in 
which rocks crumble, or disintegrate, when wetted or exposed to air. Depending on moisture 
conditions and shale type, stability issues can result from a loss of rock strength caused by 
slaking. In some cases slaking can lead to catastrophic tunnel collapses, as seen in Figure 1.1.  
 
Figure 1.1 An example of a tunnel roof collapse caused by slaking. (Brattli and Broch, 1995). 
While such occurrences are fairly rare, even minor rockfall due to slaking can be costly and 
dangerous (Molinda and Klemetti, 2008).  
Slaking caused by changes in saturation has been widely documented and there are 
several standardized tests available for analyzing slake potential. These range from simple 
qualitative tests, such as jar slake, to quantitative tests such as slake durability. However, these 
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tests assume the rock will alternate between completely dry (oven-dried) and fully saturated 
(submerged in water) at in-situ conditions. This assumption might be mostly true in tunnels 
situated where there is a large fluctuation in water levels and the permeability is high. Yet, it is 
not true in many other situations. Vrkljan (2000) has shown that instead of being saturated, rock 
immediately surrounding an underground excavation has a moisture level similar to that of the 
surrounding air. If there is not a large fluctuation in ground water, the greatest moisture 
difference in the rocks will be caused by changes in air humidity. In natural environments, 
seasonal changes are the primary cause of varying humidity. The change in moisture due to 
seasonal changes in humidity will be less than the difference between oven drying and 
submerging, which is typically assumed for slaking. As a result, in these cases, the standardized 
slake tests over-estimate the in-situ slake potential of the rock types (Cummings, 1987). The 
over-estimation from the tests could be significant enough that measures against slaking are 
taken, even if they are not necessary. While no dire consequences result from taking additional 
measures against slaking, they could incur unnecessary costs. Being able to accurately quantify 
slaking caused by changes in humidity could reduce or eliminate those costs.  
Aughenbaugh (1981) and others developed testing procedures to simulate a slaking 
response to seasonal changes in humidity. Their research showed that changes in humidity can 
cause slaking and a decrease in rock strength. Despite their efforts, it appears that the testing 
procedures have not been adopted in industry. A likely reason for this is the long duration and 
specialized equipment needed to carry out the tests. In order to accurately simulate in-situ 
conditions, the samples must be maintained at constant humidity for several weeks. Sustaining 
specific constant humidities requires specialized chambers that are not readily available. 
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Furthermore, the tests measure slaking in an indirect manner, such as water uptake, and therefore 
cannot be directly correlated to more standardized methods of analysis.     
This thesis will provide a method for estimating slaking, due to seasonal humidity 
changes, mostly using standardized tests. To accomplish this, correlations between results of 
standardized tests and from humidity testing will be developed. Also, unlike previous research, 
slaking due to changes in humidity will be analyzed directly, to narrow the difference between 
test results and in-situ conditions. Compressive strength of rock is the most widely used 
parameter in rock engineering (Cargill and Shakoor, 1990). For this reason, this thesis will also 
illustrate the effects of humidity on the compressive strength of shales. Samples will be tested at 
a variety of humidity levels, including in-situ. Correlations will be established that illustrate 
strength loss due to exposure to humidity. With this information, a method for estimating 
strength due to exposure to various humidity levels will be developed.  
1.1 Purpose and Scope 
	  
 This thesis has been developed to analyze the effects of seasonal changes in humidity on 
tunnel-shales. To accomplish this, three types of shale were collected from different sites and 
subjected to strength and slaking tests before and after having been exposed to a variety of 
humidity levels and durations. Finally, a method for easily predicting the degree of strength loss 
















A significant amount of research has been performed in establishing and refining testing 
methods to analyze the effects of humid air on shale. Alternating cycles of wetting and drying 
have been identified as one of the main driving factors in shale degradation (Olivier, 1990; 
Huang et al., 1986). Molinda and Klemetti (2008) have shown that seasonal changes between 
warmer, more humid air in the summer months and cooler, drier air in winter months act as 
wetting/drying cycles on shales exposed to atmosphere. These seasonal changes also affect 
tunnel rocks, since ventilation draws in air from the surface, causing similar slaking problems 
(Aughenbaugh, 1981). Chugh and Missavage (1981) analyzed the hypothesis that seasonal 
changes in humidity increase slaking, by comparing the number of roof fall incidents in coal 
mines between summer and winter. Results showed a distinct correlation, where roof fall 
incidents were repeatedly higher in summer than winter.   
Attempts to quantify slaking caused by humidity changes have generally relied on 
moisture uptake. Van Eeckhout and Peng (1975) found that increased humidity resulted in 
increased slaking in coal mine shales. Aughenbaugh (1981) continued with this method and 
outlined a procedure for measuring uptake by placing samples in humidity chambers until a 
constant weight was achieved, signifying maximum water uptake. When complete, the final 
weight of the sample was compared to the initial weight. The percent weight change was 
described as the moisture activity index. Values measured from this test can be used to estimate 
whether the shales will cause ground control problems. Results also indicated that there was a 
high correlation between the moisture activity index and the slake durability of shale material 
(Huang et al., 1986). An evident shortcoming of this method is the lack of several cycles to 
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measure the influence of repeatedly changing conditions. Sadisun et al. (2005) have shown that 
degradation increases at least until the third or fourth cycle. Another problem with the moisture 
activity index is the length of time necessary to complete the test. The moisture sensitivity index 
can only be calculated once the samples have reached a constant moisture level, which often 
takes up to 20 days. Also, humidity chambers are difficult to acquire, reducing the test’s 
usefulness in industry. Finally, although slake durability results can be estimated from results 
attained with the moisture sensitivity test, the inverse is not true. Therefore, a shale’s response to 
changes in humidity can only be found by completing the moisture sensitivity test, and not from 
simpler tests, such as slake durability.   
Later studies have been carried out by Huang et al. (1986), Huang (1995), and Gurgenli 
and Peng (2006), which implement procedures similar to those by Aughenbaugh (1981). 
However, none of these studies addressed the problems associated with the original test, a 
possible reason the methods have not been adopted by industry. 
Molinda and Klemetti (2008) have compared results from weatherability tests with 
information from active coal mines. A weatherability index was developed, based on sample 
weight loss after repeated cycles of immersion and air-drying. It was found that there were few 
rockfall problems from mines with samples having a weatherability index below 40%. Similarly, 
samples from mines with rockfall problems were usually above 40% in weatherability. This 
method was useful in identifying certain shales as high slake potential, or low slake potential. 
However, specific equipment is required, and there were exceptions, suggesting that this method 
of analyzing slake potential due to humidity changes may not work in all circumstances. Further 
research conducted by Klemetti and Molinda (2009) examined the use of other tests in estimating 
moisture sensitivity and were based on water sensitivity and immersion. Water sensitivity test is 
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quantitative, based on rock degradation upon exposure to water. In this test, samples are 
subjected to cycles of oven drying, immersion, and finally washing through a sieve. The weight 
of rock remaining after the test, compared to the original weight is used to calculate an index 
value. The immersion test, on the other hand, is based purely on sample degradation observation. 
Results from the water sensitivity and weatherability tests were generally in good agreement 
with one another, with few exceptions. While the water sensitivity test is in reasonably close 
agreement with the weatherability test, it has not been directly correlated with rockfall problems 
in mines. Therefore, it is unclear whether the water sensitivity test can be used to accurately 
estimate the probability of slaking developing in mines or tunnels. Results from the third test, 
immersion, were largely inconsistent with the other two, leading Klemetti and Molinda (2009) to 
conclude the immersion test overestimates slake potential. More importantly, all tests described 
by Klemetti and Molinda (2009) are only designed to estimate the general potential for moisture 
sensitivity. They cannot be used to estimate slaking response given a specific tunnel humidity.   
Loss in compressive strength as a result of shale exposure to humidity has been clearly 
shown by Tandanand (1985), Chugh and Missavage (1981), Hawkins and McConnell (1992), 
Koncagul and Santi (1999), and Ojo and Brook (1990). Tandanand (1985) used a similar 
moisture absorption method as Aughenbaugh (1981) to show the effects of various humidity 
levels. Higher humidity levels invariably resulted in more moisture absorption, which usually 
corresponded with decreased compressive strength. Both uniaxial compressive strength testing 
machines and point-load testers have been used to establish correlations. There were slight 
differences, but overall, results between the two methods agree. Scientifically, these tests are 
very useful. Yet, humidity conditions have to be replicated in order to estimate the strength loss, 
making it a time consuming process.   	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 Shales in tunnels are often exposed to a variety of humidity conditions, and sometimes 
this leads to slaking, which could in turn lead to a significant loss in strength. It has been shown 
that cycles of wetting drying are particularly detrimental to strength, and is therefore an 
important process to analyze. The following steps were taken to characterize the effects of 
changes in humidity, and to attempt to predict resulting degradation and strength change. 
1. Collect shales from geographically distinct tunneling or mining projects to allow 
trends to be established that are representative of many shale types. 
2. Expose samples from these locations to cycles of low and high humidity levels that 
might be reflective of seasonal changes in tunnels. 
3. Measure the effect of exposing the samples to different humidity levels by conducting 
standardized and other strength and slaking tests. This was conducted using the 
following tests: 
o Point Load 
o Slake Durability 
o Jar Slake    
o Dry Jar Slake 
The methods used for these steps are described in further detail in this chapter. 
3.1 Sample Collection 
 
 Three shale types were collected from three geographically distinct locations, two from 
the State of Ohio (Cleveland and Columbus), and one from southwestern Illinois. For ease of 
use, these were named Illinois, Ohio (Cleveland), and Ohio 2 (Columbus). All of the samples 
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from the three locations were collected from current underground excavation projects where 
slaking was known to be a characteristic of the shales. Furthermore, the samples were only 
collected from recently excavated areas, to ensure they were as close to in-situ moisture 
conditions as possible. Collecting fresh samples reduced the risk of the samples having already 
been exposed to humidity cycles, which could otherwise skew results.  
3.2 Exposure of Samples to Different Humidity Conditions 
	  
To simulate a variety of tunnel conditions, samples from the three different shale types 
were placed in one of three chambers, each with a unique humidity level. According to Van 
Eeckhout (1976), there is little degradation or loss in strength below a room temperature relative 
humidity (RH) of 60%. Taking this into account, RH levels were selected to be higher than 60% 
in the chambers. Saturated salt solutions of sodium bromide (NaBr) and sodium chloride (NaCl) 
allowed for average relative humidities of 64% and 78%, respectively. A hygrometer from 
Fischer Scientific was used to measure the humidities. An example of the humidity chambers are 
shown in Figure 3.1.	  	  
	  
Figure 3.1 64% humidity chamber from above with hygrometer inside (left) and from the side 
(right).   
	  
For the highest relative humidity, rather than a small humidity chamber, a specialized humidity 
room with a consistent average RH of 94% was used. 
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To reflect seasonal changes, the samples were subjected to alternating exposure in a 
humidity chamber and air-drying at ambient indoor humidity levels. The ambient relative 
humidity ranged from 40% to 28%. All tests were completed at room temperature, and therefore 
the relative humidity levels in the chambers, presented here, are also at room temperature. 
Throughout the testing duration, ambient indoor air temperature varied from 21 to 23.5 degrees 
Celsius.  
Different relative humidity levels were used to reflect what might be expected in tunnels 
at different locations and different seasons. Since warmer air can hold more moisture, the higher 
humidity levels were chosen to reflect summer conditions. Air-drying the samples at room 
temperature was chosen to reflect winter conditions, since cold air cannot hold as much moisture.  
 Exact moisture conditions of the samples arriving from the source areas were not known. 
Additionally there was a time lag between when the samples were shipped and when they could 
be tested. As soon as samples arrived they were placed in airtight containers, but during 
shipping, not all the samples were in sealed containers. As a result, many of the samples 
probably dried out before they were available for testing, leading to a large uncertainty in the 
actual moisture content. Consequently, it was deemed necessary to bring the samples to a 
normalized moisture content. To do so, they were air-dried prior to placing them in humidity 
chambers. 
After exposure in the humidity chamber, samples were once again air-dried. One round of 
humidifying and subsequent drying was used to represent a yearly change between winter and 
summer, and will be referred to as a “humidity cycle”.  
All of the samples were first air-dried, then each shale type was broken into four groups. 






Cyclical groups were further divided into smaller batches, of equal sizes, to be exposed to one, 
two, or three cycles. In this way, up to three years in seasonal changes were simulated. The 
fourth group, 78%-constant was not broken into smaller groups for different numbers of cycles. 
Instead, samples from this group were placed in a 78% humidity chamber that was held at 
constant humidity for approximately 3½ months, representing the length of time a typical tunnel 
shale might be exposed to higher humidities during summer months. This exposure length was 
chosen to evaluate the importance of cycles versus duration. There were insufficient samples to 
have a long-term constant exposure for each humidity level. Both 64% and 94% were considered 
for use as the constant cycle, but 78% was chosen since it represents a middle ground within the 
three humidity exposure levels.   
3.3 Measured Moisture Absorption of Samples in Humidity Chambers 
	  
 Aughenbaugh (1981) suggests that as long as a shale absorbs as much moisture as 
possible at a certain humidity, there is no difference between exposing the sample for 10 days or 
3 months. While the validity of this theory was tested by the constant humidity chamber, the 
other cycles were run assuming it was correct, in the interest of time. To do so, a number of 
samples per shale type and humidity exposure level were numbered and used to measure 
moisture uptake. This was accomplished by taking the initial weight, and periodically weighing 
samples after removing them temporarily from their respective humidity chambers. Percent 
weight gain compared to the prior weight was plotted over time to show moisture uptake rate. 
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This process was repeated for each of the three cycles. From Aughenbaugh (1981), it was known 
that moisture uptake gradually decreases, and eventually ceases once samples have absorbed the 
maximum amount of moisture possible for a given humidity level. Using this information, the 
absorption rate was used to determine when moisture uptake was complete and air-drying the 
samples could commence.  	  
3.4 Measuring the Effects of Humidity Cycles Using Standardized Tests 
 
 Exposure to humidity has been shown to cause both a strength loss and degradation in 
shales. Point load, jar slake, dry jar slake, and slake durability tests were used to quantify these 
effects.  
3.4.1 Strength Determination of Shales Before and After Exposure  
	  
 Rather than unconfined compressive strength testing, point load testing was chosen for 
measuring rock strength, since it can be readily, and cheaply, replicated. Point load tests were 
conducted in accordance with ISRM (1973) specifications. Since the collection areas were active 
underground excavations, rather than boreholes, the strength tests were performed on lump 
samples. To help compensate for the larger variability in results from lump tests, 20 samples 
from each of the ten batches in the Ohio and Illinois shale types comprised a dataset. For Ohio 2, 
however, datasets were smaller, with only 10 samples per batch due to the limited number of 
samples from that shale type.  
For all of the rock types, only tests perpendicular to bedding planes were conducted. 
Tests parallel to bedding planes were considered, but were deemed ineffective in analyzing 
strength loss, since the shales are already very weak along the bedding planes. As a result the 
change in strength would be difficult to perceive. To maintain sample quality, an effort was 
made to test each sample only once. However, this proved difficult due to invalid tests with some 
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samples. As a result, some tests were performed on smaller pieces that remained from the 
original sample. This was necessary to achieve the desired 20 data points for the Illinois and 
Ohio shale types, and 10 data points for the Ohio 2 shale type.  
In addition to the ten batches tested after exposure to humidity, one batch per rock type 
was strength tested after the initial air-drying, but prior to any exposure to humidity. Otherwise, 
test procedures were identical to the other batches. These were performed in order to establish a 
baseline strength value that later test results could be compared to.  
After the first and second cycles, strength testing was performed only after the samples 
had been air-dried. However, for the third test, it was decided that samples would be tested both 
before and after air-drying them. In the last cycle, more retests were necessary, since the original 
groups of 20 samples were divided into two groups of ten. Since Ohio 2 batches already 
consisted of only ten samples, it was decided that the third cycle would not be further broken up 
into two groups. Consequently, strength testing for the third cycle of Ohio 2 was conducted in 
the same fashion as the first two cycles.  
3.4.1.1	  	  	  	  	  	  Analysis	  of	  Point	  Load	  Test	  Results	  
	  
 Properties of the shale rocks made it difficult to acquire test specimens that were exactly 
50 mm along the diametral axis. Therefore, a size correction factor was used per ISRM (1973) 
specifications. The data was highly variable, and therefore did not closely follow the best fit. 
This made it difficult to use the graphical method to normalize the data. As a result, a size 






                                                                                                                                                          3.1 
Where De is the tested sample diameter.                                                 
	  13	  
 During testing, some samples were noted to have failed along weaknesses, or in other 
ways that caused the tests to be considered invalid. Results from these were eliminated in order 
to avoid skewing the data. Of the remaining data points, the two highest and two lowest 
unconfined compressive strength (UCS) values were removed in accordance with ISRM (1973) 
standards. Finally, an average strength value for each dataset was calculated using the remaining 
UCS values. To see whether the mean value from each dataset could be compared, all the 
datasets were input into Minitab® and run through a normality test. Averages from data that 
were not normal could not be directly compared to other datasets. To compensate, if a shale type 
contained a non-normal dataset, the 70th percentiles of all of the datasets in that shale type were 
also calculated and compared. Medians were also considered, but ultimately not chosen for non-
normal datasets since there were many lower values that resulted from tests on samples with 
small diameters around 20mm. These small diameters are far from the desired 50mm sample 
diameter, and more likely to induce error. Taking the 70th percentile allowed for many of these 
data points to be negated, therefore reducing error. Datasets that were normal within each shale 
type were compared using a student’s t-test with alpha set equal to 0.05 to test for statistical 
difference, and therefore comparability. Some datasets, however, did not require t-tests, since 
their differences were visually obvious. This was determined by comparing boxplots of each 
dataset for each shale type. Apart from saving time, this also cut down on the amount of 
irrelevant data. 	  
3.4.2   Measuring Slaking Response of Shales 
	  
 Slaking response was measured in three ways: slake durability, jar slake, and dry jar slake 
testing. Samples were selected from the pieces broken by point load testing. Those that weighed 
between 40 and 60 grams were set aside to be tested in either the slake durability or jar slake 
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tests. Unlike slake durability and jar slake samples, dry jar slake samples were analyzed prior to 
point load testing.   
3.4.2.1	   Slake	  Durability	  
 
 Slake durability testing was conducted mostly in accordance with ASTM D4644-08 
standards. As with the point load groups, slake durability groups were divided according to rock 
type, humidity level exposure, and number of humidity cycles. These groups were run through 
two slake durability cycles each. Unlike a humidity exposure cycle, a slake durability cycle 
refers to the process where a sample group is dried and then tested using a slake durability 
machine. The resulting slake durability index is designated Id, with a subscript added to indicate 
the number of cycles. Many studies, including Gurgenli and Peng (2006), use results from the 
second slake cycle (Id2). Also, Sadisun et al. (2005) found that the majority degradation occurs in 
the first two cycles, and ISRM methods in Brown (1981) recommend comparing values from the 
second cycle. Gokceoglu et al. (2000) found, however, that slaking continues to increase after the 
second cycle. Consequently, three and four cycles were considered, as four is recommended by 
ASTM D4644-08 standards. Ultimately two cycles were decided upon since that is more 
standard, and because of time constraints. 
To produce more reliable results, two batches of samples from each humidity exposure group 
were run through the slake durability test for both the Illinois and Ohio shale types. Here, as with 
the point load test, too few Ohio 2 samples were available to follow the same testing procedures. 
Consequently, only one batch of Ohio 2 per point load group was run through the slake 
durability test. Additionally, specimens from Ohio 2 were often less than 40 g after point load 
testing. To compensate, groups with more than ten samples were assembled to reach the desired 
500-gram total weight.  
	  15	  
 Testing procedures mostly differed from ASTM standards in prior moisture condition and 
water type. Oven drying is believed to put more stress on rocks than would be experienced in the 
field. As a result, samples were air-dried rather than oven-dried prior to the first slake durability 
cycle. Between the first and second cycles, however, air-drying would have been prohibitively 
time consuming, requiring the use of oven drying.    	  
3.4.2.2	   Jar	  Slake	  Testing	  
 
 Jar slake testing, as outlined by Walkinshaw and Santi (1996), was also employed to 
evaluate the effect of humidity cycles on slaking. Jar slake is a subjective test based on visual 
observation of rock degradation. It is consequently a less precise method than slake durability. 
While this was known before testing, it was hoped some trends could be established with this 
method. To that end, 3 samples were tested per rock type. After the first run it was decided the 
method is too imprecise to use in this application, and was not used for the other two cycles.    
3.4.2.3	   Dry	  Jar	  Slake	  Testing	  
 
Another slake test, dubbed the dry jar slake test, was proposed and conducted for this 
thesis. The classification scheme used in this test is the same as with the jar slake test. However, 
unlike the jar slake test, samples were not submerged in water. Instead, two samples per 
humidity exposure condition, resulting in a total of 20 samples per rock type, were photographed 
prior to any exposure to humidity. Then, the entire batch was photographed after each cycle to 
monitor the amount of degradation that occurred. Dry slake samples were then subjected to point 
load testing at the end of the appropriate cycle, so by the end of the third cycle, two samples per 
humidity exposure level and shale type remained. At the end of each cycle the amount of 
degradation that resulted from three humidity cycles was compared to the amount of degradation 
of similar rocks in the jar slake test. Finally, the time fully submerged samples took to match the 
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amount of degradation in the dry jar slake samples was estimated, giving an indication of how 





















RESULTS AND INTERPRETATION 
 Data regarding slaking and strength changes with regard to changes in humidity were 
collected for the Illinois, Ohio, and Ohio 2 shales while following steps outlined in Chapter 3. 
These data will be discussed in further detail in this chapter.  
4.1 Strength Measurement Using Point Load Tester 
	  
 Average unconfined compressive strength values varied significantly within each of the 
three shale types in regard to humidity exposure and number of cycles. Results also varied 
between the shale types. Tables 4.1, 4.2, and 4.3 show average unconfined compressive strength 
values, standard deviation, and percent change from baseline values for different humidity 
exposures in the Illinois, Ohio, and Ohio 2 shales, respectively.    
Table 4.1 Unconfined compressive strength values of Illinois Shale, calculated from different 
number of cycles and different humidity levels.	  Percent change from baseline value is also 





































Baseline Pre-test 28.51 16.28 0.00 
 
1 
64% 35.43 12.85 24.27 
78% 33.28 8.39 16.73 
94% 35.52 9.85 24.57 
 
2 
64% 34.30 9.54 20.30 
78% 30.77 9.72 7.91 
94% 39.01 13.04 36.80 
 
3 
64% 29.93 6.76 4.98 
78% 33.05 6.29 15.91 
94% 35.80 10.07 25.56 





64% 24.56 7.20 -13.85 
78% 17.65 5.74 -38.10 
94% 16.18 3.87 -43.26 
1 (Constant) 78% 18.99 5.24 -33.39 
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Table 4.2 Unconfined compressive strength values of Ohio Shale, calculated from different 
number of cycles and different humidity levels.	  Percent change from baseline value is also 
presented, with positive values indicating increased strength.	  
 
Table 4.3 Unconfined compressive strength values of Ohio 2 Shale, calculated from different 
numbers of cycles and different humidity levels.	  Percent change from baseline value is also 
presented, with positive values indicating increased strength.	  
 
 Data from the three tables show that the rocks were usually stronger after having been 































Baseline Pre-test 39.88 13.35 0.00 
 
1 
64% 42.25 12.22 5.94 
78% 53.29 17.89 33.64 
94% 39.25 10.49 -1.57 
 
2 
64% 55.12 19.81 38.23 
78% 47.52 8.91 19.16 
94% 39.49 10.03 -0.96 
 
3 
64% 54.51 13.44 36.68 
78% 43.92 11.32 10.13 
94% 39.77 11.78 -0.28 





64% 34.69 7.82 -13.02 
78% 31.06 8.41 -22.12 
94% 33.24 10.84 -16.65 































Baseline Pre-test 21.23 11.81 0.00 
 
1 
64% 49.72 14.81 134.16 
78% 72.23 19.38 240.15 
94% 57.81 13.88 172.27 
 
2 
64% 52.93 16.88 149.28 
78% 59.67 15.19 180.99 
94% 73.13 7.16 244.42 
 
3 
64% 52.93 3.11 149.26 
78% 64.36 6.05 203.10 
94% 38.89 20.52 83.15 
1 (3 months) 78% 58.71 16.11 176.48 
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air-drying regardless of humidity exposure level or the number of cycles the samples were 
subjected to. There are three exceptions in the Ohio shale. These are in the 1st, 2nd and 3rd cycles, 
and all three were exposed to 94% relative humidity. With the Illinois and Ohio 2 shales, this is 
not the case. Instead, the average values for 94% humidity exposure are usually average or above 
average. In the case of the Illinois shale values, three of the four highest average strength values 
come from batches exposed to 94% humidity.   
 In the Illinois shale, the average strength of samples exposed to the constant 78% 
humidity cycle were similar to those exposed to three cycles at 78%. Results from the Ohio 
shale, however, are different. Within this rock type, the three “not dried” tests from the third 
cycle provide similar results, while the constant 78% cycle results are significantly higher. When 
compared to baseline values, the sole average strength increase amongst samples that were not 
air-dried prior to testing is the constant 78% cycle. At 44.21 MPa, this is also higher than many 
of the air-dried tests. 
4.1.1 Statistical Significance of Point Load Data 
 
Though the averages in the above section were found following ISRM standards, there 
was a large amount of variance between individual strengths. Statistical methods were 
consequently used to examine whether the datasets were comparable and if they were 
statistically different.  
In the Illinois shale, the baseline values collected from point load testing are considered 
to be non-normal, with a P-value below 0.005. However, the rest of the datasets were found to be 
normal. While ISRM (1973) recommends using averages when comparing normal point load 
datasets, it might not be ideal when comparing the baseline value. As a result, both the means 
and the 70th percentiles were used when comparing point load data between the baseline values 
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and all other point load datasets (Table 4.4). Results show that by taking the 70th percentile of the 
datasets, the baseline strength increases more than the strengths from most of the other datasets.  
Table 4.4 Comparison of average and median unconfined compressive strength values of Illinois 
Shale, calculated from different number of cycles and different humidity levels. Percent change 
from baseline value is also presented, with positive values indicating increased strength. 
 
Since most of the datasets in the Illinois shale were normal, they could be analyzed for 
statistical difference. Boxplots of all the datasets, excluding the baseline, are shown in Figure 
4.1. Several datasets in Figure 4.1, below, appear similar although their averages provided in 
Table 4.1 differ. T-test results for datasets that have significantly overlapping boxplots are 











































Baseline Pre-test 28.51 0.00 37.71 0.00 
 
1 
64% 35.43 24.27 43.48 15.30 
78% 33.28 16.73 39.49 4.73 
94% 35.52 24.57 39.59 4.99 
 
2 
64% 34.30 20.30 41.02 8.77 
78% 30.77 7.91 40.06 6.22 
94% 39.01 36.80 49.89 32.30 
 
3 
64% 29.93 4.98 34.94 -7.34 
78% 33.05 15.91 35.50 -5.86 
94% 35.80 25.56 42.89 13.73 





64% 24.56 -13.85 30.05 -20.31 
78% 17.65 -38.10 20.74 -45.01 
94% 16.18 -43.26 17.82 -52.75 























































































































Boxplots of Point Load Data From All Normal Illinois Shale Datasets
 
Figure 4.1 Boxplots of Illinois shale point load strength datasets showing range of data and 
medians. Star above the 78% 3-cycle boxplot represents an outlier.   
  
Table 4.5 T-test results from comparing Illinois shale point load datasets. A confidence interval 
of 95% (α=0.05) is used for determining whether the null hypothesis is rejected.	  (In this case, the 





















64% 1-Cycle 78% 1-Cycle 0.63 0.531 N 
64% 1-Cycle 94% 1-Cycle -0.02 0.980 N 
64% 1-Cycle 64% 2-Cycles 0.33 0.743 N 
64% 1-Cycle 64% 3-Cycles 1.72 0.094 Y 
64% 1-Cycle 64% Pre-drying -3.33 0.002 Y 
78% 1-Cycle 78% 2-Cycles 0.81 0.424 Y 
78% 1-Cycle 78% 3-Cycles 0.09 0.930 N 
78% 1-Cycle 78% Constant -2.29 0.029 Y 
94% 1-Cycle 94% 2-Cycles -0.95 0.346 Y 
94% 1-Cycle 94% 3-Cycles -0.08 0.935 N 
64% 2-Cycles 78% 2-Cycles 1.13 0.266 Y 
64% 2-Cycles 94% 2-Cycles -1.30 0.201 Y 
64% 2-Cycles 64% 3-Cycles 1.59 0.122 Y 
78% 2-Cycles 94% 2-Cycles -2.22 0.033 Y 
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Table 4.5 Continued 
78% 2-Cycles 78% 3-Cycles -0.81 0.423 Y 
78% 2-Cycles 78% Constant -2.99 0.005 Y 
94% 2-Cycles 94% 3-Cycles -0.82 0.417 Y 
64% 3-Cycles 78% 3-Cycles -1.31 0.201 Y 
64% 3-Cycles 94% 3-Cycles -1.87 0.072 Y 
78% 3-Cycles 94% 3-Cycles -0.90 0.378 Y 
64% Pre-drying 3-Cycles 78% Pre-drying 3-Cycles 2.91 0.007 Y 
78% Pre-drying 3-Cycles 94% Pre-drying 3-Cycles -0.82 0.418 Y 
78% Pre-drying 3-Cycles 78% Pre-drying Constant 0.68 0.503 N 
 
 Unlike with the Illinois shale, all of the datasets in the Ohio shale were normal, and 





























































































































Boxplots of Point Load Data From All Normal Ohio Shale Datasets 
 
Figure 4.2 Boxplots of Ohio shale point load strength datasets showing range of data and 
medians. Star above the baseline boxplot represent an outlier.  
  
 T-test results from datasets that appear similar in the boxplot, above, are shown in Table 
4.6 on the following page. 
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Table 4.6 T-test results from comparing Ohio shale point load datasets. A confidence interval of 
95% (α=0.05) is used for determining whether the null hypothesis is rejected.	  (In this case, the 





















Baseline 64% 1-Cycle -0.57 0.572 N 
Baseline 94% 1-Cycle 0.16 0.874 N 
Baseline 94% 2-Cycles 0.09 0.926 N 
Baseline 78% 3-Cycles  0.340 Y 
Baseline 94% 3-Cycles 0.03 0.980 N 
Baseline 78% Constant -1.91 0.066 Y 
Baseline 95% Pre-drying 1.60 0.119 Y 
Baseline 78% Pre-drying Constant -0.90 0.375 Y 
64% 1-Cycle 78% 1-Cycle -2.26 0.030 Y 
64% 1-Cycle 94% 1-Cycle 0.80 0.428 Y 
64% 1-Cycle 64% 2-Cycles -2.31 0.028 Y 
64% 1-Cycle 64% Pre-drying 2.19 0.036 Y 
78% 1-Cycle 78% 2-Cycles 1.26 0.217 Y 
78% 1-Cycle 78% 3-Cycles 1.91 0.064 Y 
78% 1-Cycle 78% Constant 0.69 0.498 Y 
94% 1-Cycle 94% 2-Cycles -0.07 0.947 N 
94% 1-Cycle 94% 3-Cycles -0.13 0.896 N 
64% 2-Cycles 78% 2-Cycles 1.44 0.165 Y 
64% 2-Cycles 94% 2-Cycles 2.84 0.009 Y 
64% 2-Cycles 64% 3-Cycles 0.10 0.918 N 
78% 2-Cycles 78% 3-Cycles 1.00 0.326 Y 
78% 2-Cycles 78% Constant -0.42 0.676 N 
78% 2-Cycles 78% Per-drying Constant 0.77 0.454 Y 
94% 2-Cycles 94% 3-Cycles -0.07 0.947 N 
78% 3-Cycles 78% Pre-drying 3-Cycles 3.56 0.001 Y 
78% 3-Cycles 78% Constant -0.06 0.950 N 
94% 3-Cycles 94% Pre-drying 3-Cycles 1.58 0.125 Y 
64% Pre-drying 3-Cycles 78% Pre-drying 3-Cycles 1.20 0.240 Y 
64% Pre-drying 3-Cycles 94% Pre-drying 3-Cycles 0.42 0.678 N 
78% Pre-drying 3-Cycles 94% Pre-drying 3-Cycles 2.68 0.012 Y 
 
 Similar to the Ohio shale, all of the datasets for the Ohio 2 shale are normal, and 
therefore comparable in a t-test. Figure 4.3 shows all the datasets from Ohio 2. There are fewer 
datasets, and fewer tests within each dataset, for this shale type since point load testing was only 
conducted on air-dried samples. Smaller amounts of data mean a normality test has less strict 
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classifications for defining what is normal. Despite this, t-tests were still run between datasets, to 






















































































Boxplots of Point Load Data From All Normal Ohio 2 Datasets
 
Figure 4.3 Boxplots of Ohio 2 shale point load strength datasets showing range of data and 
medians.  
 
Table 4.7 T-test results from comparing Ohio 2 shale point load datasets. A confidence interval 
of 95% (α=0.05) is used for determining whether the null hypothesis is rejected.	  (In this case, the 





















Baseline 94% 3-Cycles -1.70 0.132 Y 
64% 1-Cycle 94% 1-Cycle -0.89 0.396 Y 
64% 1-Cycle 64% 2-Cycles -0.34 0.744 N 
64% 1-Cycle 64% 3-Cycles -0.47 0.657 N 
78% 1-Cycle 78% 2-Cycles 1.14 0.283 Y 
78% 1-Cycle 78% 3-Cycles 0.87 0.426 Y 
78% 1-Cycle 78% Constant 1.20 0.261 Y 
94% 1-Cycle 94% 3-Cycles 1.71 0.126 Y 
64% 2-Cycles 78% 2-Cycles -0.70 0.502 N 
64% 2-Cycles 64% 3-Cycles 0.00 1.00 N 
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Table 4.7 Continued 
78% 2-Cycles 94% 2-Cycles -1.79 0.116 Y 
78% 2-Cycles 78% 3-Cycles -0.64 0.545 N 
78% 2-Cycles 78% Constant 0.10 0.925 N 
64% 3-Cycles 94% 3-Cycles 1.51 0.192 Y 
78% 3-Cycles 78% Constant 0.73 0.490 N 
 
4.2 Slaking Response of Shales 
  
Overall, the slaking response of shale was highly variable. Slake durability testing 
provided the most conclusive conclusive data, while jar slake data were mostly random. Dry jar 
slake testing showed some changes in the rock type, although these were mostly minor, and not 
what was originally expected. 
4.2.1 Slake Durability 
 
Slake durability values varied between the three shale types. Results from each shale type 
are included in Tables 4.8, 4.9, and 4.10. 
Table 4.8 Slake durability index values for Illinois shale at different humidity levels and cycles.	  
Percent change from baseline results are also included, with negative changes indicating a lower 



































Baseline Pre-test 88.56 0.00 75.82 0.00 
 
1 
64% 78.80 -11.02 49.11 -35.22 
78% 86.86 -1.92 66.79 -11.91 
94% 81.51 -7.96 60.11 -20.71 
 
2 
64% 81.25 -8.26 63.12 -16.75 
78% 85.10 -3.91 55.74 -26.49 
94% 85.22 -3.77 66.53 -12.26 
 
3 
64% 73.93 -16.52 55.21 -27.18 
78% 77.20 -12.82 55.55 -26.73 
94% 83.05 -6.22 65.59 -13.49 





64% 79.19 -10.58 58.26 -23.16 
78% 80.45 -9.16 55.55 -26.73 
94% 85.30 -3.68 60.94 -19.62 
1 (Constant) 78% 80.68 -8.90 44.13 -41.80 
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Table 4.9 Slake durability index values for Ohio shale at different humidity levels and cycles.	  
Percent change from baseline results are also included, with negative changes indicating a lower 
slake durability index and decreased resistance to slaking.	  
 
Table 4.10 Slake durability index values for Ohio 2 shale at different humidity levels and cycles. 
Percent change from baseline results are also included, with negative changes indicating a lower 
slake durability index and decreased resistance to slaking. 
 
 Second cycle slake durability indices are lower than those from the first cycle in all cases 



































Baseline Pre-test 96.31 0.00 93.82 0.00 
 
1 
64% 96.15 -0.17 86.12 -8.22 
78% 96.86 0.57 93.15 -0.72 
94% 96.72 0.42 92.77 -1.13 
 
2 
64% 96.97 0.69 96.60 2.96 
78% 96.67 0.37 83.53 -10.97 
94% 97.26 0.99 96.69 3.05 
 
3 
64% 94.78 -1.59 90.15 -3.91 
78% 95.75 -0.58 93.03 -0.85 
94% 92.93 -3.51 86.25 -8.07 





64% 94.64 -1.74 90.00 -4.07 
78% 97.10 0.82 95.22 1.49 
94% 96.67 0.38 94.90 1.14 



































Baseline Pre-test 96.31 0.00 93.82 0.00 
 
1 
64% 96.15 -0.17 86.12 -8.22 
78% 96.86 0.57 93.15 -0.72 
94% 96.72 0.42 92.77 -1.13 
 
2 
64% 96.97 0.69 96.60 2.96 
78% 96.67 0.37 83.53 -10.97 
94% 97.26 0.99 96.69 3.05 
 
3 
64% 94.78 -1.59 90.15 -3.91 
78% 95.75 -0.58 93.03 -0.85 
94% 92.93 -3.51 86.25 -8.07 
1 (Constant) 78% 97.88 1.63 97.76 4.19 
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index values after the first cycle are usually reflected by proportionately lower values after the 
second cycle.   
4.2.2 Jar Slake 
 
 Most of the shale samples did respond to the jar slake test, but to varying degrees. Figure 
4.4, below, shows Illinois samples and Ohio samples during the jar slake process. Samples from 
the Illinois shale generally reacted the most severely, returning jar slake values of 1 or 2. 
However, there were variations within each shale type. For the most part, only general trends 
could be seen. For example, with the Illinois shale, some samples reacted little to none.  
 
Figure 4.4 Jar slake tests on Ohio shale (left) and Illinois shale (right). 
	  
Actually classifying samples between 1 and 2, or 3 and 4 was difficult. Some samples 
reacted severely within a few seconds, while others did not react until several minutes had 
passed. However, after 24 hours, both those that initially reacted severely and those that did not 
would usually provide similar results. Samples that did not react at all were rare, but were 
present in both the Illinois and Ohio shale types. 
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The difficulty in assigning a jar slake index for each cycle proved problematic when 
comparing values between the baseline and values after one cycle. Table 4.11 shows a 
comparison of jar slake results between baseline test and test results after one cycle of exposure 
to 64% relative humidity. Besides the absence of major change between the two tests, there is 
also low confidence in the actual values shown. For example, for the Ohio shale, most of the 
samples could have described as either 4 or 5. Jar slake tests were continued for the higher 
humidity levels of the first cycle, as well as for the second cycle. In both of those scenarios, there 
was little to no clear change in jar slake index values from the baseline test, and tests were not 
continued after the third cycle.       
Table 4.11 Jar slake index values established for baseline before exposure to humidity. 
Shale Type Illinois Ohio Ohio 2 
Sample  a b c a b c a b c 
Jar Slake Index 
(Baseline) 
1 2 1 3 4 4 2 3 3 
Jar Slake Index 
(64% humidity) 
2 2 1 3 5 4 4 3 3 
 
 Despite changes in index values, the actual change in slaking was difficult to perceive. 
Visual observations did not allow for sufficient differentiation between the two different indices. 
Variation among different samples within each test cycle proved as significant as variations 
between two different cycles, indicating that the test is not sufficiently accurate to compare the 
slake difference between cycles.  
4.2.3 Dry Jar Slake 
 
 Similar to jar slake testing, dry jar slake testing did not provide strong correlations with 
number of cycles or humidity levels. While it was expected that exposing samples to higher 
humidities might cause the samples to slake in a similar manner to submerging them in water, 
that was not the case. Instead, for most of the samples, the largest difference after three cycles 
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was the appearance of cracks, as shown in Figure 4.5. However, a few of the samples from 
Illinois and Ohio shale types reacted more severely to the humidity exposure. An example is 
shown in Figure 4.6, which darkened in color and had more excessive cracking. Samples like 
these also returned lower point load strength values. Except when compared to the few jar slake 
samples that had little to no reaction, the dry jar slake outcomes were generally far less severe. 
Also, apart from the darker Illinois and Ohio samples, the small amount of degradation made 
differentiating the effect of humidity between the three shales nearly impossible. Even then, 
darkened samples from both shales appeared very similar.     
 
Figure 4.5 Ohio sample with crack caused by exposure to humidity.  
 
 
Figure 4.6 Example of Illinois sample that reacted more severely than most following exposure 
to humidity.	  Prior to humidity exposure this sample did not contain cracks and was a similar 




ANALYSIS AND DISCUSSION 
 Strength and slaking changes in response to exposure to humidity cycles are inconsistent 
between the three rock types. As a result, establishing comprehensive trends is difficult. There 
are, however, some identifiable trends within individual rock types, humidity levels, and cycles.  
5.1 Trends Related to Strength 
 
 Trends related to strength were analyzed based on one of three possible influencing 
factors. These are instantaneous moisture content, humidity exposure level, and number of 
humidity cycles.  
5.1.1 Effect of Instantaneous Moisture Content 
 
 As shown in the results, most of the rocks had higher strengths when they were air-dried 
prior to point load testing. This suggests that the moisture content at time of testing -referred to 
as the instantaneous moisture content- is an important factor affecting rock strength. In the 
Illinois shale, differences in strength between different humidity exposure levels and number of 
cycles are at most approximately 4 MPa. In contrast, the maximum difference between air-dried 
and non-dried samples with the same humidity exposure and number of cycles is nearly 20 MPa. 
Furthermore, all four non-dried values are lower than any other result. With the exception of the 
constant humidity from the non-dried samples, Ohio shale results are similar. Consequently, 
instantaneous moisture content appears to have a larger influence on strength than humidity 
exposure level or number of cycles. The degree of sensitivity to moisture content makes directly 
comparing the air-dried test results difficult. There are possible errors inherent with air-drying. 
Specifically, the ambient relative humidity and temperature was not consistent throughout the 
testing period. Instead, it varied from 40% to 28% and 21 to 23.5 degrees Celsius. Mostly, the 
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humidity decreased steadily from 40% at the beginning of testing to 28% towards the end. 
Though there was a general decreasing trend, the ambient relative humidity fluctuated 
throughout the testing period. Since non-dried testing was only carried out on the 3rd and final 
test, it is not possible to compare the results and estimate the effect the changes in ambient 
relative humidity had on point load results. However, it is expected that later cycle results have 
artificially elevated values. Also, air-drying is believed to have made later cycles give higher 
values than the baseline.  
5.1.2 Effect of Humidity Exposure Level on Unconfined Compressive Strength 
	  
 With the knowledge that instantaneous moisture affects strength the greatest, average 
trends related to humidity exposure level can be examined (Figure 5.1). The coefficient of 
determination, R2, is portrayed for each of the trend lines. Baseline values have not been 
included in either of the trend lines on the below graphs, since the samples were not actually 
exposed to increased humidity at that point. Instead, baseline values are included for comparison 
as a single data point plotted versus the ambient air humidity while they were drying.   
 
Figure 5.1a Average unconfined compressive strength of Illinois datasets tested after exposure to 
64%, 78% and 94% relative humidity chambers.  
R² = 0.20589 
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Figure 5.1b Average unconfined compressive strength of Ohio datasets tested after exposure to 
64%, 78% and 94% relative humidity chambers.  
 
 
Figure 5.1c Average unconfined compressive strength of Ohio 2 datasets tested after exposure to 
64%, 78% and 94% relative humidity chambers.  
 
For the Illinois shale, the 70th percentile was taken, since the dataset was not normal. Figure 5.2 
shows the trends when all of the datasets are analyzed with 70th percentile.  
R²	  =	  0.52299	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Figure 5.2 70th percentile unconfined compressive strength of Illinois datasets tested after 
exposure to 64%, 78% and 94% relative humidity chambers.  
 
From air-dried samples there appears to be a general trend of increasing strength with 
higher humidities. Examining the graphs shows that there is a large amount of variability within 
the data from each shale type. Furthermore, the R2 values for the air-dried trends are quite low. 
Therefore it cannot be concluded that increased humidity leads to higher strengths. Within the 
Illinois and Ohio 2 shale types there are some datasets that are not statistically different, 
according to the t-test. However, these are few, and like the 70th percentile values, do not change 
the overall trends significantly. The clearest trend with air-dried samples is in relation to baseline 
values. In all cases, the air-dried strengths were higher than baseline, usually by a large amount.  
Unlike air-dried samples, those that were not dried nearly always had lower strengths 
than the baselines. Trends were also different between samples that were air-dried and those that 
were not. Non-dried results show that strength generally decreases with higher humidity levels. 
This trend is quite clear in the Illinois shale, but less so in the Ohio shale, where R2 is only 0.014. 
R²	  =	  0.14178	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Despite the low R2 value, there is still clear that higher humidity results in lower non-dried 
strengths, since the non-dried values are lower than the baselines.   
With these results, it can be concluded that exposure to higher humidity levels does result 
in strength loss. This was not reflected in the air-dried samples most likely because the strengths 
were highly sensitive to instantaneous moisture content, as explained in section 5.1.1.  
5.1.3 Effect of Number of Cycles on Unconfined Compressive Strength 
	  
 Slight trends can be seen when comparing strength to number of cycles of exposure. To 
represent this, humidity exposure levels are grouped together based on number of cycles, as 
shown in Figure 5.3. With the constant humidity cycle, only one humidity level (78%) was 
tested. Therefore, when comparing non-dried results, only data from the 78% humidity levels 
were used from third cycle results, since it is suspected that humidity exposure level affects 
strength. Baseline tests are also included, although only for visual representation, since they were 
dried at different conditions.  
 
Figure 5.3a Average unconfined compressive strength of Illinois datasets tested after exposure to 
one, two and three cycles in humidity chambers.  
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Figure 5.3b Average unconfined compressive strength of Ohio datasets tested after exposure to 
one, two and three cycles in humidity chambers.  
 
 
Figure 5.3c Average unconfined compressive strength of Ohio 2 datasets tested after exposure to 
one, two and three cycles in humidity chambers.  
 
  As with humidity exposure level, the 70th percentile was also used to compare 
strengths from the Illinois shale. This can be seen in figure 5.4.  
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Figure 5.4 70th percentile unconfined compressive strength of Illinois datasets tested after 
exposure to one, two and three cycles in humidity chambers. 
 
Air-dried result from the three shale types, including the 70th percentile from the Illinois 
shale, show there is a general trend of decreasing strength in response to more cycles. However, 
R2 values of these trends are low, with the highest R2 value at 0.18. Even with low R2 values, an 
examination of T-test results shows that most of the datasets that comprise these averages are 
statistically different. This provides an indication that the trends are indeed real, rather than a 
result of error. With the knowledge of how instantaneous moisture affects the strength of 
samples, it can be concluded that the difference in ambient humidity between the first and third 
cycles might have skewed results. Consequently it is likely that downward trends would 
probably have been more pronounced if the ambient relative humidity had been constant, rather 
than decreasing, throughout testing. 
 Results from samples that were not dried prior to testing also indicate that strength 
decreases slightly with increasing numbers of cycles. In both the Illinois and Ohio shales, the 
UCS of samples exposed to one cycle at 78% humidity are higher than those exposed to three 
cycles at the same humidity. However, the difference between the two values in the Illinois shale 
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is small (1.50MPa) and according to the t-test they are not statistically different. Consequently, 
the trend seen in the Illinois shale is not independently conclusive. 
 Baseline values graphed as 0 cycles from both shales might also suggest that the number 
of cycles affects strength. However, since these were tested at air-dried moisture levels, the 
moisture content is lower, skewing the results upwards. As a result, the baseline values might be 
beneficial to view as reference points, but not in determining absolute trends.  
The evidence above suggests that more cycles probably do correspond to decreased 
strength in shale. However, the trends are not perfectly consistent between shale types. 
Therefore, it does not appear possible to establish a distinct relation between number cycles and 
strength loss. 	  
5.2 Slaking Trends 
 
 All analyses performed in this section were conducted using the second slake durability 
cycle results, or Id2. From here on, slake durability index and Id2 are used interchangeably, since 
Id1 is not used in any of the analyses.  
5.2.1 Effect of Instantaneous Moisture Content on Slake Durability 
	  
Instantaneous moisture content does not appear to have a large effect on the slake 
durability index of either the Illinois or Ohio shales. To illustrate, baseline oven-dried and in-situ 
Id2 values from the Illinois shale were compared, with a resultant difference of 1.43. Conversely, 
the highest variation in Id2 between two batches that were at the same initial moisture content is 
7.89. On average, the difference between similar batches was 4.16. Comparing this to the 
difference between the oven-dried and in-situ baseline results shows that 1.43 is within the 
expected variance between tests. As a result, it can be concluded that instantaneous moisture 
content did not significantly affect the slake durability of the baseline samples.   
	  38	  
Id2 values from air-dried and non-dried Illinois samples can also be examined to 
determine the effect of instantaneous moisture content. Average values of air-dried and non-
dried samples, each measured after three humidity exposure cycles, are nearly identical at 58.79 
and 58.25, respectively. Individual humidity exposure levels for the third cycle between air-dried 
and non-dried are also quite similar. Only the constant 78% humidity exposure batches show 
significant difference between air-dried and non-dried. Id2 for air-drying is 29.56 higher than 
non-dried, far more than would be expected simply due to testing errors. One possible 
explanation of the large difference in this case is the quality of the rocks. Jar slake tests showed 
that within the Illinois shale there are some samples that do not respond to submergence in water. 
If these types of samples are present in this batch, they could skew results. The average 
unconfined compressive strength was also higher with this batch than any other, further 
indicating that the samples were different than in the other batches. 
Ohio shale results also generally indicate that instantaneous moisture content has little 
effect on Id2. In fact, three out of four of the air-dried values are lower than the non-dried 
equivalents. The largest difference in Id2 between dried and not dried is 8.64, while the largest 
difference between two batches of the same moisture conditions is 8.68. Consequently, all 
differences between air-dried and not dried are within expected error bounds, and not statistically 
significant.  
Except for one outlier, the evidence above suggests that moisture content at time of 
testing does not affect the slake durability index. This is probably for the same reason that jar 
slake results were generally the same, regardless of humidity exposure or number of cycles. 
What little amount of water is present in the rock prior to testing is insignificant compared to the 
change when submerged in water.  
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5.2.2 Effect of Humidity Exposure Level on Slake Durability 
	  
 Humidity exposure level also does not have an apparent effect on slake durability index. 
Figure 5.5 shows trends from the three shale types.  
 
Figure 5.5a Slake durability index (Id2) of Illinois samples tested after exposure to 64%, 78% 
and 94% relative humidity chambers.  
 
 
Figure 5.5b Slake durability index (Id2) of Ohio samples tested after exposure to 64%, 78% and 
94% relative humidity chambers.  
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Figure 5.5c Slake durability index (Id2) of Ohio 2 samples tested after exposure to 64%, 78% and 
94% relative humidity chambers.  
 
For each situation in Figure 5.6 there is either little change or an increase in Id2 with increased 
humidity exposure levels. The highest R2 values correspond to trends of increasing strength with 
higher humidity exposure. Assuming these trends are true, increased Id2 would indicate that the 
shales became more slake resistant upon exposure to higher humidity levels. While this is 
possible, all of the R2 values are below 0.35, meaning the correlations are not very strong. 
Therefore, it is more likely that the increasing trend is caused by variability in samples tested.  
As with instantaneous moisture content, submergence in water likely overwhelms any 
changes induced by humidity effects alone.  
5.2.3 Effect of Number of Cycles on Slake Durability 
	  
 Number of humidity cycles are also somewhat randomly related to the slake durability 
index. As with humidity exposure level, there are inconclusive trends relating Id2 with increasing 
humidity cycles. These trends can be seen in Figure 5.6. As with the analysis with strength, only 
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the 78% humidity exposure level from the third cycle non-dried is used, to prevent humidity 
level from skewing the results.  
 
Figure 5.6a Slake durability index (Id2) of Illinois samples tested after exposure to 1, 2, and 3 
cycles in humidity chambers.  
 
 
Figure 5.6b Slake durability index (Id2) of Ohio samples tested after exposure to 1, 2, and 3 
cycles in humidity chambers.  
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Figure 5.6c Slake durability index (Id2) of Ohio 2 samples tested after exposure to 1, 2, and 3 
cycles in humidity chambers.  
 
Neither the air-dried nor the non-dried samples show conclusive trends. This is reflected 
in the low R2 for the air-dried results. For non-dried samples, there are only two data points, and 
the observed difference is likely a result of testing imprecision, rather than a result of humidity 
exposure. Comparing all the slake durability indices shows that the 78% constant cycle from the 
Illinois shale is the lowest, giving evidence that the batch responded unusually severely to slake 
durability testing.  
One major difference between the three shales is the baseline value. Unlike with the 
Illinois shale, the baseline Id2 of the Ohio and Ohio 2 shales are not significantly higher than that 
of other cycles. Based on this information, exposure humidity does not appear to affect the slake 
durability of either the Ohio or Ohio 2 shale types. Illinois shale also slakes more severely than 
the other two when placed in water for the jar slake test. Consequently, it is probable that shales 
more susceptible to slaking in general will also respond greater to humidity exposure. The lack 
of noticeable effect from humidity on the Id2 in the Ohio and Ohio 2 shales is likely because of 
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this resistance to slaking. So, although there might be some effect, it would be small, and in this 
case, not measurable. Another possible reason the baselines for the Ohio and Ohio 2 were not 
higher than the others is the way in which samples from these shales broke down. When 
subjected to slake durability testing, mud sized particles from the Illinois shale samples would 
slake off, leaving primarily 1” to 2” remnant stones. Ohio and Ohio 2 samples, on the other hand 
did not break down into such distinct sizes. Instead, they broke down into mud, remnant stones, 
flakes, and chips. Figure 5.8 illustrates the difference between the two processes.  
 
Figure 5.7a Comparison of Illinois shale prior to slake durability testing (left) and after (right) 
 
 
Figure 5.7b Comparison of Ohio shale prior to slake durability testing (top) and after (bottom) 
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The figures above show that although the samples between the two shales looked similar before 
testing, after testing the Ohio shale samples were broken into more varied sizes. Illinois shale 
samples more closely reflect what is assumed to happen in slake durability testing. For the chips 
and flakes from the Ohio and Ohio 2 samples, however, the mesh on the slake durability basket 
is too small to let these fall through. As a result, the slake durability index is over-estimated. 
However, chips formed after every test of the Ohio and Ohio 2, and not just the baseline, 
skewing all the results. Based on visual observations during testing, it is estimated that chips 
skewed results a maximum of 10-20%.      
5.3 Correlations   
 
 With the above trends analyzed, correlations between different strengths and slake 
durability indices could be examined. There is usually little to no agreement between the three 
shales. However, the correlations within individual shale types are worth examining, since they 
could be employed in future research.  
5.3.1 Correlation between Strength and Slake Durability 
 
 Directly comparing the calculated unconfined compressive strength and slake durability 
index values yielded some strong correlations. Initially, comparing these two properties was not 
considered since their units are different. However, a possible correlation between the two was 
visible in the Illinois shale, and it was decided that a comparison might be beneficial in 
understanding the relationship between strength and slake durability. To do this, both were 
assumed to be unitless, and strength was normalized in relation to slake durability by dividing 
UCS by Id2. UCS to Id2 ratios were plotted against humidity exposure level Percentages from 
this were plotted against humidity exposure level, since there was some evidence for a 
correlation between strength and humidity exposure level (Figure 5.9). Similarly, number of 
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cycles were not compared to percent difference, since trends were faint with both strength and 
slake durability results.  
 
Figure 5.8a Ratio between unconfined compressive strength (UCS) and slake durability index 
(Id2) in relation to humidity exposure level for Illinois shale.  
 
 
Figure 5.8b Ratio between unconfined compressive strength (UCS) and slake durability index 
(Id2) in relation to humidity exposure level for Ohio shale.  
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Figure 5.8c Ratio between unconfined compressive strength (UCS) and slake durability index 
(Id2) in relation to humidity exposure level for Ohio 2 shale.  
 
Ratios between UCS and Id2 from air-died samples within the Illinois shale were almost 
entirely between 0.49 and 0.59 at the same humidity exposure level. For one outlier, 64% 1-
cycle, the ratio was 0.72. This is not a result of a higher strength for this batch, but rather an 
unusually low Id2, at 49.11. 64% 1-cycle is one of only two humidity exposure levels that fall 
outside one standard deviation from the average of 61.14. Even with the outlier, there is little 
correlation between UCS and Id2, with R2 equal to 0.03. Such a result is expected, since neither 
the air-dried strength nor the slake durability tests showed a conclusive correlation with humidity 
exposure level. In this case, a flat trend is desirable. From section 5.2, it was shown that within 
the Illinois shale the slake durability index is affected by exposure to humidity, but it is 
independent of the humidity exposure level. Air-dried compressive strengths are also 
independent of humidity exposure level, and they are probably not affected by exposure to 
humidity to any significant degree.  
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A simple method for estimating Id2 based on air-dried strengths can consequently be 
suggested. On average, the air-dried UCS is 0.55 of Id2. The standard deviation of this average is 
5.69%, meaning the average is fairly well representative of a typical relation. Therefore, the 
slake durability index after exposure to humidity can be estimated from air-dried UCS. Knowing 
that UCS is 0.55 of Id2, Id2 can be found by taking the inverse of 0.55 and multiplying it by the 
UCS. For example, if the UCS is found to be 30 MPa, the slake durability index after exposure 
could be estimated as being 1.82 times greater, or 55. An obvious limitation to this is that the 
slake durability index stops at 100. So even if this relationship is applicable to more rock types, it 
clearly cannot be used as a linear relationship. However, if tests of other shales reveal that 
similar relations can be found and adjusted for different UCS values, this could be useful in 
estimating how the slake durability index might be affect by exposure to humidity.  
Unfortunately, the Ohio and Ohio 2 shales do not provide similar results. Instead, both 
show a wide range in UCS as a percent of Id2. As a result, the method suggested above is of little 
use, since it is based on only shale type. 
Samples that were not dried prior to slake durability testing show a correlation between 
UCS as a percent of Id2 and humidity exposure level. For the Illinois shale, the correlation is 
fairly strong, with an R2 of 0.64, though it is considerably weaker for the Ohio shale, at 0.075. If 
there was a strong correlation for both shale types, it is conceivable that the strength of a shale 
after exposure to humidity could be predicted from slake durability results. However, with the 
results seen here, this is not possible.  
5.3.2 Correlation between Air-dried and Non-dried Strengths 
	  
Figure 5.10 shows the non-dried strength of rocks as a percent of air-dried strength, in 
relation to humidity exposure level. To simplify the graph, non-dried results were taken as a 
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percent of the averages from each corresponding air-dried humidity level. Since non-dried 
strength testing was only performed after the third and constant cycles, only four data points are 
available for each shale type. This is probably too few to be able to establish a trend with 
certainty, but it is enough to recommend examine whether a method for predicting strengths at 
different humidity levels is viable.  
 
Figure 5.9 Change in strength of Illinois and Ohio shales from air-dried conditions to various 
relative humidities. 
	  
 The trends between the two shales are largely opposite. The differing results are mostly 
likely caused by one of two possibilities. First, there is a considerable degree of variability in the 
point load data. With only four data point for each shale type, there is not enough data to reliably 
show correlations between air-dried and non-dried. Another probable cause is difference in the 
structure of the shale types. More testing is need on more shale types to determine which factor 
caused the inconclusiveness of the results, and to determine whether or not it is possible to 
simply estimate strength loss caused by exposure to humidity.  
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CONCLUSIONS, RECOMMENDATIONS AND CONTINUED RESEARCH 
 The effects of humidity exposure on shales are not as well defined as some previous 
studies have indicated. Exposure to humidity does result in a loss of strength, yet that reaction 
varies significantly between different shale types. Two of the most significant results from this 
study show that even high humidity levels do not affect shale nearly as much as submergence in 
water, and that the point load strength of samples is highly dependent on instantaneous moisture 
content. Although the development of a definitive test was not possible, this information can be 
used in industry to improve sampling and testing.   
6.1 Conclusions 
  
 The largest effect on unconfined compressive strength, though not slake durability, was 
instantaneous moisture content. Samples that were air-dried prior to point load testing were up to 
220% stronger than those tested immediately after exposure to humidity. Not only were the air-
dried strengths higher than non-dried values, they were also higher than baseline values. This 
further illustrates the importance of moisture content when testing, since the only difference 
between baseline and air-dried samples was that air-dried samples were dried in the fall and 
winter, when the ambient humidity was lower, while the baseline samples were dried in the 
summer.   
Trends relating humidity exposure level and numbers of cycles to strength were less 
significant than expected. In general, strength did decrease with increasing relative humidity, but 
this was not the case for all shale types and drying conditions. In some cases the strength 
remained largely the same, regardless of humidity exposure level. Results from comparing 
strength to the number of humidity cycles were even less clear. Although there was a minor 
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decreasing trend in strength with more cycles, the exact amount of decrease was highly variable. 
As a result, establishing a distinct relationship was not possible.  
For jar slake tests, submergence in water erased most perceivable effects of humidity 
exposure. As a result, the method was too imprecise to accurately analyze the effect of humidity 
on slaking. Furthermore, slaking in jar slake tests was far more severe than slaking from 
humidity exposure, which made the results impossible to compare to those from dry slake tests. 
Similar effects were seen with slake durability testing. Comparing slake durability indices to 
humidity exposure level and number of cycles provided mostly inconclusive results. This was 
particularly true for humidity exposure level, where there was little to no relationship. Evaluation 
of the effects of number of humidity cycles was slightly more conclusive, with a general 
decrease in slake durability indices with increasing cycles. Though this too was minor.  
 Results show that some correlations between unconfined compressive strength and slake 
durability can be established for individual shale types, especially for non-dried samples. There 
is some variability between shale types, but with more data, this method could potentially be 
used to predict in-situ shale strength from slake durability indices. Similarly, correlating air-dried 
and non-dried strengths could be useful in predicting strength loss at given humidity levels. 
Using the two methods described above, it would be possible to use core samples from site 
investigations to predict the strength of the shales after the tunnel has been excavated. Presently, 
however, there is insufficient data to establish relationships that would make this possible.  
6.2 Recommended Testing Process 
	  
Despite some promising results, there is currently not enough information to establish a 
useful trend based on test data from this thesis. Instead, a testing procedure has been outlined that 
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can be easily used to evaluate shale strength after exposure to 100% relative humidity. This can 
be accomplished with the following steps: 
• Acquire semi air-tight container, preferably with a high surface area to height 
ratio  
• Fill container with just enough water to completely cover the bottom 
• Insert an elevated grate, or self-draining platform, above water and place samples 
on the grate 
• Weigh select samples every 1-3 days until weights no longer increase between 
measurements 
• Remove samples and subject to strength testing immediately after removing them 
from container 
Once water is placed in the container and the top is closed, the relative humidity inside 
reaches 100% within one to four hours, depending on the size of the container. The exact time it 
takes samples to come to a constant weight varies between rock types, but it is generally two to 
three weeks. Only one cycle of humidity is exposure is needed, since it has been shown that extra 
cycles or prolonged cycles do not affect the shales significantly. Upon removing samples from 
the container, it is important that the samples are strength tested immediately, since samples 
regain strength as they dry. Apart from strength testing, this method can also be used to visually 
observe what kind of degradation will occur with humidity exposure. Unlike the Moisture 
Activity Index test, this method does not allow for specific humidity levels. However, the 
relationships between strength and humidity exposure level show that this will not result in a 
major underestimation of strength, especially from higher humidity levels. Consequently, this 
method can be employed in any scenario where tunnel or mines shales are expected to be 
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exposed to humidity, but not submerged in water. In particular, this could be useful in the site 
investigation stages, since either lump samples or core can be used. Depending on the amount of 
strength loss due to humidity exposure, various steps can be taken to prevent roof fall, including; 
rock bolts with wire mesh, shotcrete, impermeable liners, among others.    
6.3 Continued Research  
  
The largest limitation to this thesis was number of sample sources. In the future, stronger 
relationships could be established using a larger number of sources than within this thesis. With 
the variability shown between the three rock types, it is estimated that a total of ten source 
locations will be sufficient to establish meaningful trends. Preferably, these should be collected 
from geologically distinct locations. As for sample collection, core samples would provide more 
consistent strength values than were seen with lump samples in this thesis. However it is difficult 
to acquire sufficient samples needed for this type of testing. Consequently, sample acquisition 
methods similar to those outlined in section 3.1 are recommended for future research.  
As with work in this thesis, a combination of strength testing and slake testing are 
optimal for evaluating the effect of humidity on shales. However, following these guidelines it 
will be possible to estimate strength loss due to humidity exposure based on two simple tests.  
Point load testing is recommended for determining the effect of humidity exposure on 
shale strength. To accomplish this, each shale type should be broken into two main groups, those 
that are tested immediately after humidity exposure (non-dried), and those that are oven-dried. 
The number of non-dried groups tested will depend on the number of humidity levels analyzed. 
Results from this thesis indicate that two relative humidity levels, 78% and 100%, will be 
sufficient, without requiring abundant samples. Only one group per shale type is needed for 
oven-drying. Ratios between oven-dried a strengths and non-dried strengths will provide the 
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strength loss caused by exposure to humidity. This ratio will serve as one part of a method, 
allowing the strength of a shale exposed to humidity to be predicted based on known humidity 
exposure level and the oven-dried strength.   
The second part will be slake tests. Slake testing can help predict the degree of strength 
loss that might be expected. To accomplish this, results from slake testing should be correlated to 
the strength loss observed between non-dried and oven-dried samples. For example, samples that 
slake more severely will also lose more strength when exposed to humidity. Slaking response 
can be analyzed in several ways, including the jar slake and slake durability tests used in this 
thesis. Jar slake is less precise, but is more easily replicated, and can therefore be more easily 
employed in industry. 
With correlations established between strength loss and slaking response, it will be 
possible to estimate the effect of humidity exposure on shale samples in the field without 
exposing them to humidity. Instead, only slake and point load tests on dried samples will be 
necessary. These tests will allow the effect of humidity on shales to be analyzed in a day or less 
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Table A-1 Illinois baseline point load data and calculated unconfined compressive strength 




















20.00 55.00  55.00 1400.56 2.25 Y 0.66 1.06 22.34 
59.00 65.00 70.00 67.50 5070.68 14.90 Y 1.08 3.17 66.48 
47.00 53.00 40.00 46.50 2782.67 6.00 Y 0.97 2.10 44.04 
34.00 45.00 35.00 40.00 1731.61 7.20 Y 0.84 3.50  
26.00 30.00 35.00 32.50 1075.89 1.80 Y 0.75 1.25 26.18 
34.00 80.00  80.00 3463.21 2.80 Y 0.84 0.68 14.27 
21.00 65.00  65.00 1737.97 1.60 Y 0.68 0.62 13.08 
50.00 90.00  90.00 5729.58 4.70 Y 1.00 0.82 17.23 
24.00 35.00  35.00 1069.52 3.60 Y 0.72 2.42 50.80 
28.00 25.00  25.00 891.27 2.70 Y 0.77 2.33 49.01 
35.00 70.00  70.00 3119.44 3.30 Y 0.85 0.90 18.92 
22.00 50.00  50.00 1400.56 1.80 Y 0.69 0.89 18.65 
40.00 40.00  40.00 2037.18 1.60 Y 0.90 0.71 14.92 
40.00 80.00  80.00 4074.37 0.70 Y 0.90 0.16  
21.00 85.00  85.00 2272.73 2.10 Y 0.68 0.63 13.13 
46.00 13.00 40.00 26.50 1552.08 5.70 Y 0.96 3.54  
22.00 55.00  55.00 1540.62 1.40 Y 0.69 0.63 13.19 
39.00 37.00  37.00 1837.28 1.40 Y 0.89 0.68 14.31 
31.00 40.00  40.00 1578.82 4.90 Y 0.81 2.50 52.56 
27.00 40.00  40.00 1375.10 1.10 Y 0.76 0.61  
24.00 47.00  47.00 1436.21 1.90 Y 0.72 0.95 19.97 
26.00 50.00  50.00 1655.21 3.70 Y 0.75 1.67 34.98 
19.00 35.00  35.00 846.70 2.35 Y 0.65 1.80 37.71 
64% 1-cycle 
38.00 65.00   65.00 3144.90 4.10 Y 0.88 1.15 24.20 
26.00 50.00   50.00 1655.21 2.30 Y 0.75 1.04 21.74 
28.00 46.00   46.00 1639.93 3.30 Y 0.77 1.55 32.55 
40.00 66.00   66.00 3361.35 1.70 Y 0.90 0.46  
26.00 29.00   29.00 960.02 3.80 Y 0.75 2.95 61.93 
23.00 32.00   32.00 937.10 4.20 Y 0.71 3.16  
35.00 56.00   56.00 2495.55 5.00 Y 0.85 1.71 35.84 
25.00 53.00   53.00 1687.04 1.40 Y 0.73 0.61 12.76 
34.00 40.00   40.00 1731.61 4.20 Y 0.84 2.04 42.82 
25.00 32.00   32.00 1018.59 3.10 Y 0.73 2.23 46.79 
26.00 55.00   55.00 1820.73 2.80 Y 0.75 1.15 24.06 
18.00 76.00   76.00 1741.79 2.80 Y 0.63 1.02 21.32 
31.00 46.00   46.00 1815.64 4.10 Y 0.81 1.82 38.24 
25.00 33.00   33.00 1050.42 2.10 Y 0.73 1.46 30.73 
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64% 1-cycle cont’d 
28.00 40.00   40.00 1426.03 4.10 Y 0.77 2.21 46.51 
25.00 30.00   30.00 954.93 3.00 Y 0.73 2.30 48.30 
13.00 20.00   20.00 331.04 0.50 Y 0.55 0.82 17.30 
27.00 43.00   43.00 1478.23 4.10 Y 0.76 2.10 44.14 
35.00 45.00   45.00 2005.35 4.70 Y 0.85 2.00 41.92 
39.00 50.00   50.00 2482.82 1.40 Y 0.89 0.50  
29.00 21.00 36.00 28.50 1052.33 4.40 Y 0.78 3.27  
28.00 45.00   45.00 1604.28 2.10 Y 0.77 1.01 21.18 
20.00 30.00   30.00 763.94 3.30 Y 0.66 2.86 60.06 
31.00 28.00   28.00 1105.17 3.20 Y 0.81 2.34 49.04 
34.00 46.00   46.00 1991.35 3.00 Y 0.84 1.27 26.60 
30.00 39.00   39.00 1489.69 3.60 Y 0.79 1.92 40.33 
31.00 40.00   40.00 1578.82 3.10 Y 0.81 1.58 33.25 
30.00 47.00   47.00 1795.27 3.10 Y 0.79 1.37 28.82 
78% 1-cycle 
45.00 80.00   80.00 4583.66 3.70 Y 0.95 0.77  
36.00 34.00 70.00 52.00 2383.50 6.00 Y 0.86 2.17 45.60 
20.00 50.00   50.00 1273.24 3.80 Y 0.66 1.98 41.50 
23.00 65.00   65.00 1903.49 4.10 Y 0.71 1.52 31.89 
28.00 60.00   60.00 2139.04 3.80 Y 0.77 1.37 28.74 
22.00 80.00   80.00 2240.90 4.90 Y 0.69 1.51 31.74 
37.00 45.00   45.00 2119.94 3.70 Y 0.87 1.52 32.01 
34.00         N    
32.00 35.00   35.00 1426.03 2.30 Y 0.82 1.32 27.71 
20.00 80.00   80.00 2037.18 2.60 Y 0.66 0.85  
32.00 45.00 25.00 35.00 1426.03 5.10 Y 0.82 2.93  
25.00 45.00   45.00 1432.39 4.00 Y 0.73 2.04 42.93 
25.00 40.00 30.00 35.00 1114.08 4.30 Y 0.73 2.83  
20.00 45.00   45.00 1145.92 1.70 Y 0.66 0.98 20.63 
35.00 35.00   35.00 1559.72 3.50 Y 0.85 1.91 40.14 
22.00 30.00   30.00 840.34 1.70 Y 0.69 1.40 29.36 
36.00 40.00   40.00 1833.46 3.90 Y 0.86 1.83 38.53 
30.00 84.00   84.00 3208.56 4.90 Y 0.79 1.21 25.48 
25.00 35.00   35.00 1114.08 3.70 Y 0.73 2.43 51.06 
20.00 83.00   83.00 2113.58 3.40 Y 0.66 1.07 22.37 
20.00 50.00   50.00 1273.24 2.90 Y 0.66 1.51 31.67 
30.00 50.00 57.00 53.50 2043.55 3.00 Y 0.79 1.17 24.50 
94% 1-cycle 
28.00 50.00 65.00 57.50 2049.92 5.80 Y 0.77 2.18 45.77 
30.00 50.00 16.00 33.00 1260.51 4.10 Y 0.79 2.58 54.28 
33.00 50.00   50.00 2100.85 3.50 Y 0.83 1.38 29.02 
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94% 1-cycle cont’d 
31.00 38.00   38.00 1499.88 5.20 Y 0.81 2.80 58.71 
42.00 40.00   40.00 2139.04 5.40 Y 0.92 2.33 49.01 
38.00 70.00   70.00 3386.82 4.40 Y 0.88 1.15 24.11 
40.00 65.00   65.00 3310.42 4.70 Y 0.90 1.28 26.97 
26.00 35.00   35.00 1158.65 1.60 Y 0.75 1.03  
30.00 30.00   30.00 1145.92 2.40 Y 0.79 1.66 34.95 
25.00 18.00 30.00 24.00 763.94 3.30 Y 0.73 3.16  
28.00 50.00   50.00 1782.54 3.10 Y 0.77 1.34 28.13 
29.00 70.00 30.00 50.00 1846.20 3.80 Y 0.78 1.61 33.83 
45.00 30.00   30.00 1718.87 2.20 Y 0.95 1.22 25.63 
25.00 35.00   35.00 1114.08 2.10 Y 0.73 1.38 28.98 
40.00 30.00   30.00 1527.89 3.30 Y 0.90 1.95 41.02 
30.00     0.00  1.50 N    
30.00 60.00   60.00 2291.83 5.30 Y 0.79 1.84 38.59 
35.00 30.00 25.00 27.50 1225.49 1.90 Y 0.85 1.32 27.73 
25.00 50.00   50.00 1591.55 3.10 Y 0.73 1.43 29.94 
35.00 65.00 70.00 67.50 3008.03 4.60 Y 0.85 1.30 27.35 
30.00 65.00   65.00 2482.82 0.75 Y 0.79 0.24  
30.00 30.00   30.00 1145.92 2.50 Y 0.79 1.73 36.41 
25.00 45.00   45.00 1432.39 3.60 Y 0.73 1.84 38.64 
37.00 35.00   35.00 1648.85 3.90 Y 0.87 2.07 43.38 
25.00 10.00 20.00 15.00 477.46 3.30 Y 0.73 5.06  
16.00 50.00   50.00 1018.59 1.90 Y 0.60 1.12 23.46 
64% 2-cycles 
36.00 65.00   65.00 2979.38 5.40 Y 0.86 1.56 32.83 
30.00 40.00   40.00 1527.89 2.60 Y 0.79 1.35 28.40 
27.00 60.00   60.00 2062.65 3.00 Y 0.76 1.10 23.15 
38.00 50.00   50.00 2419.16 2.60 Y 0.88 0.95 19.95 
28.00 50.00   50.00 1782.54 1.70 Y 0.77 0.73  
24.00 50.00   50.00 1527.89 3.40 Y 0.72 1.60 33.59 
30.00 60.00   60.00 2291.83 3.70 Y 0.79 1.28 26.94 
22.00 39.00 28.00 33.50 938.38 3.40 Y 0.69 2.50 52.59 
25.00 60.00 35.00 47.50 1511.97 4.10 Y 0.73 1.99 41.69 
25.00 58.00   58.00 1846.20 3.80 Y 0.73 1.51 31.64 
22.00 55.00   55.00 1540.62 2.50 Y 0.69 1.12 23.55 
25.00 30.00 20.00 25.00 795.77 2.10 Y 0.73 1.93 40.57 
28.00 40.00   40.00 1426.03 2.70 Y 0.77 1.46 30.63 
34.00 95.00   95.00 4112.56 4.30 Y 0.84 0.88  
21.00 50.00 40.00 45.00 1203.21 2.20 Y 0.68 1.24 25.99 
35.00 60.00 70.00 65.00 2896.62 3.60 Y 0.85 1.06 22.23 
25.00 57.00   57.00 1814.37 3.60 Y 0.73 1.45 30.50 
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64% 2-cycles cont’d 
35.00 40.00   40.00 1782.54 4.60 Y 0.85 2.20 46.16 
25.00 40.00 22.00 31.00 986.76 3.80 Y 0.73 2.82  
26.00 50.00 43.00 46.50 1539.35 3.50 Y 0.75 1.69 35.58 
34.00 45.00 30.00 37.50 1623.38 3.90 Y 0.84 2.02 42.41 
37.00 25.00 35.00 30.00 1413.30 4.20 Y 0.87 2.60 54.50 
30.00 35.00   35.00 1336.90 4.40 Y 0.79 2.62  
34.00 50.00   50.00 2164.51 4.20 Y 0.84 1.63 34.26 
26.00 35.00   35.00 1158.65 3.20 Y 0.75 2.06 43.21 
78% 2-cycles 
31.00 60.00   60.00 2368.23 3.80 Y 0.81 1.29 27.17 
32.00 40.00   40.00 1629.75 3.80 Y 0.82 1.91 40.06 
23.00 45.00 50.00 47.50 1391.01 4.00 Y 0.71 2.03 42.58 
27.00 18.00   18.00 618.79 2.20 Y 0.76 2.69  
25.00 50.00 40.00 45.00 1432.39 3.90 Y 0.73 1.99 41.86 
22.00 35.00 45.00 40.00 1120.45 3.10 Y 0.69 1.91 40.16 
30.00 70.00   70.00 2673.80 2.90 Y 0.79 0.86 18.10 
35.00 75.00 45.00 60.00 2673.80 2.40 Y 0.85 0.76 16.05 
23.00 57.00   57.00 1669.22 1.40 Y 0.71 0.59  
30.00 35.00 40.00 37.50 1432.39 2.90 Y 0.79 1.61 33.78 
21.00 15.00   15.00 401.07 0.90 Y 0.68 1.52 31.89 
20.00 35.00   35.00 891.27 1.70 Y 0.66 1.26 26.52 
24.00 35.00   35.00 1069.52 1.10 Y 0.72 0.74 15.52 
22.00 70.00   70.00 1960.79 2.50 Y 0.69 0.88 18.50 
35.00 50.00 35.00 42.50 1893.94 3.40 Y 0.85 1.53 32.11 
24.00 40.00   40.00 1222.31 2.60 Y 0.72 1.53 32.10 
22.00 55.00   55.00 1540.62 3.10 Y 0.69 1.39 29.20 
27.00 15.00 35.00 25.00 859.44 0.50 Y 0.76 0.44  
37.00 34.00 32.00 33.00 1554.63 3.20 Y 0.87 1.80 37.75 
30.00 35.00 25.00 30.00 1145.92 3.70 Y 0.79 2.57  
25.00 30.00   30.00 954.93 1.00 Y 0.73 0.77 16.10 
24.00 20.00   20.00 611.15 1.80 Y 0.72 2.12 44.45 
40.00 22.00   22.00 1120.45 2.40 Y 0.90 1.94 40.68 
94% 2-cycles 
20.00 30.00   30.00 763.94 2.30 Y 0.66 1.99 41.86 
37.00 70.00   70.00 3297.69 4.30 Y 0.87 1.14 23.91 
24.00 25.00 45.00 35.00 1069.52 2.70 Y 0.72 1.81 38.10 
35.00 60.00 40.00 50.00 2228.17 6.00 Y 0.85 2.29 48.16 
24.00 30.00   30.00 916.73 4.80 Y 0.72 3.76  
16.00 40.00   40.00 814.87 1.10 Y 0.60 0.81 16.98 
24.00 40.00   40.00 1222.31 2.50 Y 0.72 1.47 30.87 
18.00 45.00 30.00 37.50 859.44 3.00 Y 0.63 2.20 46.29 
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94% 2-cycles cont’d 
26.00 28.00   28.00 926.92 3.60 Y 0.75 2.89  
31.00 70.00   70.00 2762.93 3.00 Y 0.81 0.88 18.39 
28.00 35.00   35.00 1247.77 1.70 Y 0.77 1.05 22.04 
23.00 75.00   75.00 2196.34 3.40 Y 0.71 1.09 22.92 
24.00 23.00 35.00 29.00 886.17 3.20 Y 0.72 2.60 54.50 
26.00 45.00   45.00 1489.69 1.60 Y 0.75 0.80  
25.00 27.00   27.00 859.44 3.00 Y 0.73 2.56 53.66 
25.00 35.00 20.00 27.50 875.35 2.80 Y 0.73 2.34 49.17 
28.00 75.00   75.00 2673.80 3.90 Y 0.77 1.12 23.60 
26.00 65.00   65.00 2151.77 4.20 Y 0.75 1.45 30.54 
22.00 35.00 25.00 30.00 840.34 3.10 Y 0.69 2.55 53.54 
30.00 70.00   70.00 2673.80 2.10 Y 0.79 0.62  
23.00 50.00 20.00 35.00 1024.96 3.70 Y 0.71 2.55 53.45 
26.00 45.00   45.00 1489.69 3.90 Y 0.75 1.95 40.96 
25.00 50.00 30.00 40.00 1273.24 3.90 Y 0.73 2.24 47.09 
30.00 30.00   30.00 1145.92 3.50 Y 0.79 2.43 50.97 
25.00 25.00   25.00 795.77 2.70 Y 0.73 2.48 52.16 
64% 3-cycles 
54.00 90.00   90.00 6187.94 5.50 Y 1.04 0.92 19.32 
30.00 44.00 20.00 32.00 1222.31 3.60 Y 0.79 2.34  
49.00 40.00 56.00 48.00 2994.66 3.60 Y 0.99 1.19 25.02 
40.00 80.00 96.00 88.00 4481.80 1.60 Y 0.90 0.32  
37.00 43.00 46.00 44.50 2096.39 4.20 Y 0.87 1.75 36.74 
35.00 78.00   78.00 3475.94 3.70 Y 0.85 0.91  
45.00 48.00 56.00 52.00 2979.38 4.80 Y 0.95 1.54 32.27 
34.00 56.00 70.00 63.00 2727.28 5.40 Y 0.84 1.66 34.96 
37.00 58.00 27.00 42.50 2002.17 3.80 Y 0.87 1.66 34.81 
38.00 20.00 28.00 24.00 1161.19 3.30 Y 0.88 2.51  
43.00 22.00 30.00 26.00 1423.48 1.50 Y 0.93 0.98 20.68 
50.00 50.00   50.00 3183.10 4.80 Y 1.00 1.51 31.67 
34.00 54.00 45.00 49.50 2142.86 4.30 Y 0.84 1.69 35.43 
32.00 42.00 31.00 36.50 1487.14 3.50 Y 0.82 1.93 40.43 
23.00 43.00   43.00 1259.23 2.20 Y 0.71 1.23 25.87 
39.00 47.00 35.00 41.00 2035.91 2.30 Y 0.89 1.01 21.21 
34.00 23.00 42.00 32.50 1406.93 3.20 Y 0.84 1.91 40.15 
48.00 42.00 13.00 27.50 1680.68 2.20 Y 0.98 1.29 26.99 
40.00 30.00   30.00 1527.89 1.80 Y 0.90 1.07 22.38 
38.00 42.00 47.00 44.50 2153.05 3.60 Y 0.88 1.48 31.03 
78% 3-cycles 
48.00 55.00   55.00 3361.35 4.15 Y 0.98 1.21 25.46 
35.00 56.00   56.00 2495.55 4.40 Y 0.85 1.50 31.54 
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78% 3-cycles cont’d 
24.00 30.00   30.00 916.73 2.20 Y 0.72 1.72 36.22 
26.00 19.00 30.00 24.50 811.05 1.90 Y 0.75 1.75 36.65 
28.00 55.00 21.00 38.00 1354.73 2.60 Y 0.77 1.48 31.05 
20.00 60.00   60.00 1527.89 3.10 Y 0.66 1.34 28.21 
35.00 40.00   40.00 1782.54 4.80 Y 0.85 2.29 48.16 
26.00 54.00 0.00 54.00 1787.63 3.90 Y 0.75 1.63 34.14 
26.00 30.00   30.00 993.13 2.10 Y 0.75 1.58 33.09 
25.00 24.00   24.00 763.94 1.00 Y 0.73 0.96  
27.00 23.00 37.00 30.00 1031.32 1.30 Y 0.76 0.96  
40.00 25.00 60.00 42.50 2164.51 2.90 Y 0.90 1.21 25.45 
40.00 40.00   40.00 2037.18 3.30 Y 0.90 1.47 30.77 
38.00 45.00   45.00 2177.24 4.10 Y 0.88 1.66 34.95 
29.00 22.00   22.00 812.33 2.50 Y 0.78 2.41  
35.00 30.00   30.00 1336.90 3.30 Y 0.85 2.10 44.15 
32.00 25.00 54.00 39.50 1609.37 4.60 Y 0.82 2.34  
45.00 46.00   46.00 2635.61 3.90 Y 0.95 1.41 29.64 
30.00 43.00   43.00 1642.48 3.50 Y 0.79 1.69 35.56 
35.00 27.00   27.00 1203.21 1.60 Y 0.85 1.13 23.78 
94% 3-cycles 
30.00 26.00 30.00 28.00 1069.52 3.70 Y 0.79 2.75  
24.00 35.00   35.00 1069.52 2.80 Y 0.72 1.88 39.51 
35.00 50.00   50.00 2228.17 2.10 Y 0.85 0.80  
21.00 48.00   48.00 1283.43 1.90 Y 0.68 1.00 21.04 
30.00 40.00   40.00 1527.89 1.60 Y 0.79 0.83 17.47 
30.00 26.00   26.00 993.13 3.80 Y 0.79 3.04  
31.00 25.00   25.00 986.76 2.70 Y 0.81 2.21 46.34 
41.00 37.00   37.00 1931.50 4.40 Y 0.91 2.08 43.75 
25.00 40.00   40.00 1273.24 4.40 Y 0.73 2.53 53.12 
21.00 35.00   35.00 935.83 2.80 Y 0.68 2.02 42.52 
35.00 37.00   37.00 1648.85 1.90 Y 0.85 0.98 20.61 
32.00 40.00   40.00 1629.75 3.00 Y 0.82 1.51 31.62 
30.00 30.00   30.00 1145.92 0.20 Y 0.79 0.14  
35.00 27.00   27.00 1203.21 2.90 Y 0.85 2.05 43.11 
46.00 45.00   45.00 2635.61 3.60 Y 0.96 1.32 27.63 
35.00 50.00   50.00 2228.17 3.30 Y 0.85 1.26 26.49 
35.00 30.00   30.00 1336.90 2.90 Y 0.85 1.85 38.80 
25.00 27.00   27.00 859.44 2.40 Y 0.73 2.04 42.93 
25.00 37.00   37.00 1177.75 3.00 Y 0.73 1.86 39.16 
30.00 35.00   35.00 1336.90 3.10 Y 0.79 1.84 38.69 
78% constant 
37.00 55.00 30.00 42.50 2002.17 4.60 Y 0.87 2.01 42.13 
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78% constant cont’d 
24.00 45.00   45.00 1375.10 2.90 Y 0.72 1.52 31.83 
20.00 40.00   40.00 1018.59 2.50 Y 0.66 1.63 34.13 
34.00 40.00   40.00 1731.61 2.60 Y 0.84 1.26  
31.00 50.00 35.00 42.50 1677.49 2.90 Y 0.81 1.39 29.28 
37.00 87.00 30.00 58.50 2755.93 6.00 Y 0.87 1.90 39.93 
29.00 65.00 15.00 40.00 1476.96 4.30 Y 0.78 2.28 47.85 
34.00 37.00 32.00 34.50 1493.51 4.40 Y 0.84 2.48 52.01 
40.00 40.00   40.00 2037.18 3.30 Y 0.90 1.47 30.77 
31.00 25.00 35.00 30.00 1184.11 4.10 Y 0.81 2.79  
39.00 50.00 35.00 42.50 2110.39 5.50 Y 0.89 2.33 48.94 
30.00 47.00   47.00 1795.27 2.30 Y 0.79 1.02  
25.00 25.00 30.00 27.50 875.35 2.80 Y 0.73 2.34 49.17 
41.00 56.00   56.00 2923.36 4.50 Y 0.91 1.41 29.56 
45.00 54.00   54.00 3093.97 5.00 Y 0.95 1.54 32.37 
32.00 33.00   33.00 1344.54 3.70 Y 0.82 2.25 47.27 
35.00 60.00   60.00 2673.80 5.50 Y 0.85 1.75 36.79 
29.00 26.00 15.00 20.50 756.94 2.80 Y 0.78 2.89  
35.00 39.00   39.00 1737.97 2.90 Y 0.85 1.42 29.84 
40.00 38.00   38.00 1935.32 4.80 Y 0.90 2.24 47.11 
30.00 40.00   40.00 1527.89 4.90 Y 0.79 2.55 53.52 
64% 3-cycles Pre-drying 
40.00 30.00 25.00 27.50 1400.56 1.50 Y 0.90 0.97 20.34 
37.00 60.00   60.00 2826.59 3.10 Y 0.87 0.96 20.11 
26.00 50.00 25.00 37.50 1241.41 2.90 Y 0.75 1.74  
30.00 69.00   69.00 2635.61 2.90 Y 0.79 0.87 18.36 
30.00 25.00   25.00 954.93 1.40 Y 0.79 1.16 24.46 
24.00 54.00   54.00 1650.12 1.90 Y 0.72 0.83 17.38 
30.00 65.00 60.00 62.50 2387.32 1.70 Y 0.79 0.57  
26.00 70.00   70.00 2317.30 2.00 Y 0.75 0.64 13.50 
42.00 25.00 40.00 32.50 1737.97 2.20 Y 0.92 1.17 24.58 
27.00 30.00   30.00 1031.32 0.30 Y 0.76 0.22  
30.00 40.00 25.00 32.50 1241.41 2.60 Y 0.79 1.66 34.95 
34.00 35.00 25.00 30.00 1298.70 2.60 Y 0.84 1.68 35.34 
30.00 40.00 20.00 30.00 1145.92 2.50 Y 0.79 1.73 36.41 
40.00 27.00 23.00 25.00 1273.24 2.20 Y 0.90 1.56 32.82 
30.00 20.00 30.00 25.00 954.93 1.00 Y 0.79 0.83 17.47 
23.00 35.00   35.00 1024.96 1.70 Y 0.71 1.17 24.56 
25.00 20.00 15.00 17.50 557.04 1.90 Y 0.73 2.50  
22.00 40.00   40.00 1120.45 1.30 Y 0.69 0.80 16.84 
32.00 30.00 20.00 25.00 1018.59 1.50 Y 0.82 1.20 25.30 
30.00 20.00   20.00 763.94 1.40 Y 0.79 1.46 30.58 
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78% 3-cycles Pre-drying 
24.00 37.00   37.00 1130.64 1.10 Y 0.72 0.70 14.68 
36.00 39.00   39.00 1787.63 1.60 Y 0.86 0.77 16.21 
26.00 41.00   41.00 1357.27 1.80 Y 0.75 0.99 20.75 
36.00 60.00 30.00 45.00 2062.65 1.40 Y 0.86 0.59 12.29 
25.00 50.00 23.00 36.50 1161.83 2.00 Y 0.73 1.26 26.46 
36.00 15.00 30.00 22.50 1031.32 2.00 Y 0.86 1.67  
26.00 28.00 59.00 43.50 1440.03 1.85 Y 0.75 0.96 20.10 
37.00 45.00   45.00 2119.94 1.80 Y 0.87 0.74 15.57 
33.00 37.00   37.00 1554.63 1.30 Y 0.83 0.69 14.57 
26.00 20.00 42.00 31.00 1026.23 1.90 Y 0.75 1.38  
28.00 37.00 24.00 30.50 1087.35 1.80 Y 0.77 1.28 26.78 
37.00 55.00   55.00 2591.04 1.00 Y 0.87 0.34 7.08 
38.00 32.00 15.00 23.50 1137.00 1.60 Y 0.88 1.24 26.12 
32.00 33.00   33.00 1344.54 1.20 Y 0.82 0.73 15.33 
20.00 25.00   25.00 636.62 0.10 Y 0.66 0.10  
32.00 25.00   25.00 1018.59 1.30 Y 0.82 1.04 21.93 
22.00 21.00   21.00 588.24 0.60 Y 0.69 0.70 14.80 
20.00 25.00   25.00 636.62 0.10 Y 0.66 0.10  
30.00 18.00   18.00 687.55 0.85 Y 0.79 0.98 20.63 
20.00 27.00   27.00 687.55 0.45 Y 0.66 0.43 9.10 
94% 3-cycles pre-drying 
35.00 63.00   63.00 2807.49 2.60 Y 0.85 0.79 16.56 
24.00 50.00 0.00 50.00 1527.89 0.10 Y 0.72 0.05  
26.00 36.00 24.00 30.00 993.13 1.70 Y 0.75 1.28  
34.00 31.00 40.00 35.50 1536.80 1.40 Y 0.84 0.77 16.08 
46.00 55.00   55.00 3221.30 2.60 Y 0.96 0.78 16.33 
35.00 110.00   110.00 4901.97 2.10 Y 0.85 0.36 7.66 
30.00 48.00 35.00 41.50 1585.18 1.15 Y 0.79 0.58 12.11 
30.00 65.00 30.00 47.50 1814.37 2.50 Y 0.79 1.09 22.99 
34.00 39.00   39.00 1688.32 1.60 Y 0.84 0.80 16.73 
30.00 43.00 40.00 41.50 1585.18 1.90 Y 0.79 0.95 20.00 
28.00 55.00   55.00 1960.79 1.50 Y 0.77 0.59 12.38 
33.00 46.00   46.00 1932.78 1.50 Y 0.83 0.64 13.52 
30.00 31.00   31.00 1184.11 1.70 Y 0.79 1.14  
46.00 40.00   40.00 2342.76 1.85 Y 0.96 0.76 15.97 
26.00 39.00   39.00 1291.06 1.80 Y 0.75 1.04 21.81 
25.00 35.00   35.00 1114.08 1.30 Y 0.73 0.85 17.94 
30.00 55.00   55.00 2100.85 2.00 Y 0.79 0.76 15.89 
26.00 30.00   30.00 993.13 1.30 Y 0.75 0.98 20.48 
28.00 55.00 40.00 47.50 1693.41 1.30 Y 0.77 0.59 12.42 
20.00 35.00   35.00 891.27 0.10 Y 0.66 0.07  
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78% constant pre-drying 
45.00 70.00   70.00 4010.70 2.60 Y 0.95 0.62 12.98 
35.00 60.00 27.00 43.50 1938.51 2.70 Y 0.85 1.19 24.91 
26.00 66.00   66.00 2184.88 1.40 Y 0.75 0.48  
24.00 60.00   60.00 1833.46 1.40 Y 0.72 0.55  
20.00 80.00   80.00 2037.18 1.70 Y 0.66 0.55 11.60 
40.00 45.00 15.00 30.00 1527.89 2.20 Y 0.90 1.30 27.35 
26.00 25.00   25.00 827.61 1.50 Y 0.75 1.35  
40.00 65.00 35.00 50.00 2546.48 2.10 Y 0.90 0.75 15.66 
20.00 33.00   33.00 840.34 1.80 Y 0.66 1.42  
36.00 23.00   23.00 1054.24 1.30 Y 0.86 1.06 22.34 
16.00 40.00   40.00 814.87 1.30 Y 0.60 0.96 20.06 
36.00 45.00 65.00 55.00 2521.01 1.70 Y 0.86 0.58 12.21 
28.00 50.00   50.00 1782.54 1.90 Y 0.77 0.82 17.24 
22.00 45.00   45.00 1260.51 2.00 Y 0.69 1.10 23.03 
30.00 35.00   35.00 1336.90 1.60 Y 0.79 0.95 19.97 
24.00 50.00   50.00 1527.89 1.40 Y 0.72 0.66 13.83 
40.00 37.00 25.00 31.00 1578.82 2.10 Y 0.90 1.20 25.26 
35.00 50.00   50.00 2228.17 1.60 Y 0.85 0.61 12.84 
24.00 40.00 10.00 25.00 763.94 1.30 Y 0.72 1.22 25.68 
40.00 34.00   34.00 1731.61 2.10 Y 0.90 1.10 23.03 






















Table A-2 Ohio baseline point load data and calculated unconfined compressive strength values. 




















45.00 25.00   25.00 1432.39 5.40 Y 0.95 3.60 75.50 
36.00 45.00   45.00 2062.65 6.00 Y 0.86 2.51 52.69 
31.00 60.00   60.00 2368.23   N 0.81   
36.00 54.00   54.00 2475.18 5.00 Y 0.86 1.74 36.59 
29.00 37.00 60.00 48.50 1790.81 2.60 Y 0.78 1.14 23.86 
40.00 70.00   70.00 3565.07 6.00 Y 0.90 1.52 31.97 
23.00 45.00   45.00 1317.80 3.40 Y 0.71 1.82 38.20 
35.00 50.00   50.00 2228.17 6.00 Y 0.85 2.29 48.16 
46.00 25.00 50.00 37.50 2196.34 5.40 Y 0.96 2.37 49.73 
34.00 52.00 20.00 36.00 1558.45 3.90 Y 0.84 2.10 44.18 
38.00 36.00   36.00 1741.79 5.90 Y 0.88 2.99 62.87 
33.00 70.00 40.00 55.00 2310.93 5.30 Y 0.83 1.90 39.95 
26.00 48.00   48.00 1589.00 3.50 Y 0.75 1.64 34.46 
31.00 40.00   40.00 1578.82 3.60 Y 0.81 1.84 38.62 
26.00 43.00   43.00 1423.48 2.60 Y 0.75 1.36 28.58 
35.00 35.00   35.00 1559.72 3.70 Y 0.85 2.02 42.43 
22.00 40.00 20.00 30.00 840.34   N 0.69   
34.00 70.00   70.00 3030.31 3.10 Y 0.84 0.86 18.06 
20.00 36.00   36.00 916.73 2.10 Y 0.66 1.52 31.85 
23.00 29.00   29.00 849.25 2.60 Y 0.71 2.16 45.33 
35.00 50.00   50.00 2228.17 3.90 Y 0.85 1.49 31.31 
20.00 30.00   30.00 763.94   N 0.66   
36.00 40.00   40.00 1833.46 2.35 Y 0.86 1.11 23.22 
64% 1-cycle 
35.00 45.00   45.00 2005.35 35.00 Y 0.85 1.23 25.87 
14.00 45.00   45.00 802.14 14.00 Y 0.56 2.95 62.01 
16.00 45.00   45.00 916.73 16.00 Y 0.60 2.29 48.01 
19.00 45.00   45.00 1088.62 19.00 Y 0.65 1.43 29.95 
29.00 35.00 80.00 57.50 2123.13 29.00 Y 0.78 2.58 54.19 
30.00 54.00   54.00 2062.65 30.00 Y 0.79 1.00 21.03 
19.00 33.00   33.00 798.32 19.00 Y 0.65 1.95 40.85 
21.00 68.00   68.00 1818.19 21.00 Y 0.68 0.97  
31.00 30.00   30.00 1184.11 31.00 Y 0.81 4.22  
26.00 50.00   50.00 1655.21 26.00 Y 0.75 1.31 27.41 
24.00 68.00   68.00 2077.93 24.00 Y 0.72 1.63 34.14 
29.00 105.00   105.00 3877.01 29.00 Y 0.78 0.79  
35.00 25.00 54.00 39.50 1760.25 35.00 Y 0.85 3.39  
29.00 65.00   65.00 2400.06 29.00 Y 0.78 1.08 22.60 
15.00 40.00   40.00 763.94 15.00 Y 0.58 2.44 51.17 
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64% 1-cycle continued 
34.00 45.00   45.00 1948.06 34.00 Y 0.84 2.93 61.62 
23.00 65.00   65.00 1903.49 23.00 Y 0.71 1.70 35.78 
27.00 30.00 80.00 55.00 1890.76 27.00 Y 0.76 2.00 42.09 
23.00 80.00   80.00 2342.76 23.00 Y 0.71 2.44 51.19 
28.00 40.00 60.00 50.00 1782.54 28.00 Y 0.77 2.38 49.91 
28.00 47.00   47.00 1675.58 28.00 N 0.77 4.09  
23.00 50.00   50.00 1464.23 23.00 Y 0.71 1.97 41.46 
24.00 45.00 60.00 52.50 1604.28 24.00 Y 0.72 2.24 47.04 
39.00 50.00   50.00 2482.82 39.00 Y 0.89 1.98 41.60 
22.00 55.00 45.00 50.00 1400.56 22.00 Y 0.69 2.71 56.99 
78% 1-cycle 
40.00 50.00   50.00 2546.48 5.00 Y 0.90 1.78 37.29 
27.00 43.00   43.00 1478.23 5.10 Y 0.76 2.61 54.91 
21.00 55.00   55.00 1470.59 5.50 Y 0.68 2.53 53.16 
17.00 37.00   37.00 800.87 3.10 Y 0.62 2.38 50.02 
29.00 25.00 47.00 36.00 1329.26 6.00 Y 0.78 3.53 74.18 
16.00 30.00   30.00 611.15 2.00 Y 0.60 1.96 41.15 
26.00 50.00 10.00 30.00 993.13 5.40 Y 0.75 4.05 85.08 
20.00 20.00 65.00 42.50 1082.25 4.30 Y 0.66 2.63 55.24 
31.00 90.00 85.00 87.50 3453.66 6.50 Y 0.81 1.52 31.87 
23.00 75.00   75.00 2196.34 4.80 Y 0.71 1.54 32.36 
        3.50 N    
32.00 70.00   70.00 2852.06 4.10 Y 0.82 1.18  
32.00 85.00 50.00 67.50 2750.20 3.20 Y 0.82 0.95  
22.00 30.00 35.00 32.50 910.37 1.70 Y 0.69 1.29 27.10 
27.00 65.00 80.00 72.50 2492.37 5.40 Y 0.76 1.64 34.48 
29.00 50.00   50.00 1846.20 4.30 Y 0.78 1.82 38.28 
20.00 29.00   29.00 738.48 2.20 Y 0.66 1.97 41.42 
25.00 20.00 25.00 22.50 716.20 4.70 Y 0.73 4.80  
30.00 40.00   40.00 1527.89 6.80 Y 0.79 3.54 74.27 
30.00 25.00   25.00 954.93 3.20 Y 0.79 2.66 55.92 
17.00 30.00   30.00 649.35 2.80 Y 0.62 2.65 55.73 
25.00 30.00   30.00 954.93 4.20 Y 0.73 3.22 67.61 
16.00 25.00   25.00 509.30 2.30 Y 0.60 2.70 56.79 
30.00 50.00 30.00 40.00 1527.89 5.10 Y 0.79 2.65 55.70 
32.00 30.00   30.00 1222.31 7.50 Y 0.82 5.02  
25.00 30.00   30.00 954.93 6.00 Y 0.73 4.60 96.59 
94% 1-cycle 
35.00 80.00   80.00 3565.07 7.00 Y 0.85 1.67 35.12 
30.00 45.00   45.00 1718.87 3.70 Y 0.79 1.71 35.92 
20.00 50.00   50.00 1273.24 4.00 Y 0.66 2.08 43.68 
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94% 1-cycle continued 
25.00 55.00   55.00 1750.70 4.10 Y 0.73 1.71 36.00 
35.00 50.00   50.00 2228.17 8.00 Y 0.85 3.06  
25.00 80.00   80.00 2546.48 3.90 Y 0.73 1.12 23.54 
20.00 57.00   57.00 1451.49 5.40 Y 0.66 2.46 51.73 
25.00 45.00   45.00 1432.39 4.70 Y 0.73 2.40 50.44 
25.00 60.00   60.00 1909.86 3.20 Y 0.73 1.23 25.76 
20.00 60.00   60.00 1527.89 2.90 Y 0.66 1.26 26.39 
35.00 30.00   30.00 1336.90 1.50 Y 0.85 0.96  
24.00 50.00   50.00 1527.89 3.60 Y 0.72 1.69 35.56 
20.00 50.00   50.00 1273.24 4.80 Y 0.66 2.50 52.42 
26.00 45.00   45.00 1489.69 4.50 Y 0.75 2.25 47.26 
24.00 70.00   70.00 2139.04 3.80 Y 0.72 1.28 26.81 
34.00 45.00   45.00 1948.06 2.50 Y 0.84 1.08 22.66 
40.00 35.00 45.00 40.00 2037.18 5.10 Y 0.90 2.26 47.55 
23.00 50.00   50.00 1464.23 1.60 Y 0.71 0.77  
40.00 45.00 30.00 37.50 1909.86 5.30 Y 0.90 2.51 52.71 
27.00 35.00   35.00 1203.21 6.00 Y 0.76 3.78  
19.00 50.00   50.00 1209.58 3.80 Y 0.65 2.03 42.68 
26.00 53.00   53.00 1754.52 6.00 Y 0.75 2.55 53.51 
16.00 36.00   36.00 733.39 2.10 Y 0.60 1.71 36.01 
64% 2-cycles 
35.00 60.00 55.00 57.50 2562.39 8.70 Y 0.85 2.89 60.73 
25.00 15.00 20.00 17.50 557.04 3.00 Y 0.73 3.94 82.79 
25.00 50.00 25.00 37.50 1193.66 3.10 Y 0.73 1.90 39.92 
24.00 15.00 30.00 22.50 687.55 2.70 Y 0.72 2.82 59.27 
30.00 15.00 20.00 17.50 668.45 5.00 Y 0.79 5.94  
20.00 40.00 50.00 45.00 1145.92 3.50 Y 0.66 2.02 42.47 
45.00 65.00 60.00 62.50 3580.99 7.00 Y 0.95 1.86 39.15 
40.00 55.00 25.00 40.00 2037.18 4.10 Y 0.90 1.82 38.23 
35.00 28.00 15.00 21.50 958.11 5.50 Y 0.85 4.89  
24.00 40.00 15.00 27.50 840.34 3.40 Y 0.72 2.91 61.07 
28.00 45.00   45.00 1604.28 5.50 Y 0.77 2.64 55.46 
18.00 25.00   25.00 572.96 2.40 Y 0.63 2.64 55.54 
30.00 45.00   45.00 1718.87 3.70 Y 0.79 1.71 35.92 
28.00 28.00   28.00 998.22 3.40 Y 0.77 2.62 55.10 
25.00 15.00 20.00 17.50 557.04 3.50 Y 0.73 4.60 96.59 
40.00 65.00   65.00 3310.42 5.50 Y 0.90 1.50 31.56 
16.00 20.00   20.00 407.44 2.60 Y 0.60 3.82 80.25 
27.00 25.00 20.00 22.50 773.49 4.30 Y 0.76 4.21 88.47 
20.00 55.00   55.00 1400.56 2.90 Y 0.66 1.37 28.79 
14.00 20.00   20.00 356.51 0.60 Y 0.56 0.95  
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64% 2-cycles continued 
30.00 55.00   55.00 2100.85 3.20 Y 0.79 1.21  
33.00 50.00 25.00 37.50 1575.63 3.70 Y 0.83 1.95 40.90 
78% 2-cycles 
20.00 45.00 30.00 37.50 954.93 2.80 Y 0.66 1.94 40.77 
44.00 55.00   55.00 3081.24 7.00 Y 0.94 2.14 45.04 
20.00 25.00   25.00 636.62 2.30 Y 0.66 2.39 50.23 
25.00 50.00 30.00 40.00 1273.24 4.50 Y 0.73 2.59 54.33 
30.00 45.00   45.00 1718.87 5.00 Y 0.79 2.31 48.54 
19.00 50.00   50.00 1209.58 2.40 Y 0.65 1.28 26.96 
38.00 50.00   50.00 2419.16 7.30 Y 0.88 2.67 56.01 
25.00 20.00   20.00 636.62 2.60 Y 0.73 2.99 62.78 
30.00 40.00   40.00 1527.89 4.70 Y 0.79 2.44 51.33 
35.00 65.00   65.00 2896.62 6.00 Y 0.85 1.76 37.05 
34.00 35.00   35.00 1515.16 4.80 Y 0.84 2.66 55.93 
25.00 35.00   35.00 1114.08 2.40 Y 0.73 1.58 33.12 
19.00 15.00   15.00 362.87 2.80 Y 0.65 4.99  
30.00 55.00   55.00 2100.85 1.50 Y 0.79 0.57  
20.00 35.00   35.00 891.27 5.30 Y 0.66 3.94  
31.00 35.00   35.00 1381.46 4.30 Y 0.81 2.51 52.71 
28.00 45.00   45.00 1604.28 1.00 Y 0.77 0.48  
30.00 30.00   30.00 1145.92 3.70 Y 0.79 2.57 53.88 
20.00 30.00   30.00 763.94 2.30 Y 0.66 1.99 41.86 
39.00 45.00   45.00 2234.54 5.50 Y 0.89 2.20 46.22 
26.00 50.00   50.00 1655.21 5.40 Y 0.75 2.43 51.05 
94% 2-cycles 
29.00 30.00 30.00 30.00 1107.72 3.50 Y 0.78 2.47 51.93 
22.00 40.00   40.00 1120.45 3.30 Y 0.69 2.04 42.75 
34.00 45.00 65.00 55.00 2380.96 10.00 Y 0.84 3.53   
25.00 75.00   75.00 2387.32 5.40 Y 0.73 1.66 34.77 
22.00 33.00 20.00 26.50 742.30 4.10 Y 0.69 3.82   
40.00 30.00   30.00 1527.89 17.00 N       
35.00 30.00 45.00 37.50 1671.13 17.00 N       
24.00 60.00   60.00 1833.46 4.40 Y 0.72 1.72 36.22 
24.00 50.00   50.00 1527.89 4.90 Y 0.72 2.30 48.40 
35.00 50.00   50.00 2228.17 3.50 Y 0.85 1.34 28.10 
40.00 60.00 70.00 65.00 3310.42 4.41 Y 0.90 1.20   
33.00 65.00   65.00 2731.10 4.80 Y 0.83 1.46 30.61 
26.00 85.00   85.00 2813.86 4.20 Y 0.75 1.11   
26.00 60.00 20.00 40.00 1324.17 5.50 Y 0.75 3.09 64.99 
38.00 75.00   75.00 3628.73 5.50 Y 0.88 1.34 28.13 
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94% 2-cycles continued 
25.00 60.00   60.00 1909.86 3.80 Y 0.73 1.46 30.59 
20.00 37.00   37.00 942.20 2.40 Y 0.66 1.69 35.42 
15.00 40.00   40.00 763.94 2.10 Y 0.58 1.60 33.58 
25.00 46.00   46.00 1464.23 3.30 Y 0.73 1.65 34.65 
30.00 50.00   50.00 1909.86 5.40 Y 0.79 2.25 47.18 
20.00 46.00   46.00 1171.38 3.80 Y 0.66 2.15 45.11 
64% 3-cycles 
28.00 100.00   100.00 3565.07 6.00 Y 0.77 1.30 27.23 
24.00 60.00   60.00 1833.46 5.40 Y 0.72 2.12 44.45 
27.00 30.00   30.00 1031.32 4.00 Y 0.76 2.94 61.73 
37.00 40.00 53.00 46.50 2190.61 9.00 Y 0.87 3.59  
35.00 35.00 25.00 30.00 1336.90 4.30 Y 0.85 2.74 57.53 
27.00 40.00   40.00 1375.10 3.90 Y 0.76 2.15 45.14 
40.00 40.00   40.00 2037.18 5.20 Y 0.90 2.31 48.48 
30.00 60.00 90.00 75.00 2864.79 4.20 Y 0.79 1.16  
25.00 40.00 11.00 25.50 811.69 3.60 Y 0.73 3.25 68.18 
25.00 30.00   30.00 954.93 4.50 Y 0.73 3.45 72.44 
36.00 25.00   25.00 1145.92 3.60 Y 0.86 2.71 56.91 
26.00 92.00   92.00 3045.59 4.70 Y 0.75 1.15  
30.00 60.00 25.00 42.50 1623.38 6.00 Y 0.79 2.94 61.68 
23.00 20.00   20.00 585.69 2.70 Y 0.71 3.25 68.26 
26.00 25.00 37.00 31.00 1026.23 4.80 Y 0.75 3.48 73.18 
24.00 45.00   45.00 1375.10 3.90 Y 0.72 2.04 42.81 
23.00 50.00   50.00 1464.23 3.90 Y 0.71 1.88 39.44 
30.00 25.00   25.00 954.93 4.80 Y 0.79 3.99  
26.00 30.00   30.00 993.13 4.20 Y 0.75 3.15 66.17 
20.00 44.00   44.00 1120.45 3.10 Y 0.66 1.83 38.47 
78% 3-cycles 
35.00 40.00 30.00 35.00 1559.72 5.30 Y 0.85 2.89 60.78 
22.00 50.00 10.00 30.00 840.34 3.40 Y 0.69 2.80 58.72 
44.00 55.00   55.00 3081.24 8.00 Y 0.94 2.45 51.48 
37.00 50.00   50.00 2355.49 4.10 Y 0.87 1.52 31.92 
31.00 45.00   45.00 1776.17 2.20 Y 0.81 1.00  
24.00 45.00 60.00 52.50 1604.28 5.30 Y 0.72 2.37 49.86 
18.00 32.00   32.00 733.39 3.90 Y 0.63 3.36  
33.00 58.00 39.00 48.50 2037.82 3.40 Y 0.83 1.38  
32.00 28.00   28.00 1140.82 2.20 Y 0.82 1.58 33.13 
37.00 64.00 40.00 52.00 2449.71 4.70 Y 0.87 1.68 35.18 
40.00 30.00 35.00 32.50 1655.21 6.00 Y 0.90 3.28 68.85 
30.00 50.00 28.00 39.00 1489.69 3.20 Y 0.79 1.71 35.85 
28.00 45.00   45.00 1604.28 3.40 Y 0.77 1.63 34.28 
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78% 3-cycles continued 
30.00 43.00   43.00 1642.48 2.90 Y 0.79 1.40 29.46 
35.00 40.00   40.00 1782.54 3.60 Y 0.85 1.72 36.12 
35.00 36.00 40.00 38.00 1693.41 7.00 Y 0.85 3.52  
34.00 38.00   38.00 1645.03 3.40 Y 0.84 1.74 36.49 
30.00 55.00 30.00 42.50 1623.38 3.90 Y 0.79 1.91 40.09 
34.00 42.00   42.00 1818.19 5.50 Y 0.84 2.54 53.40 
32.00 45.00   45.00 1833.46 5.30 Y 0.82 2.36 49.66 
20.00 37.00   37.00 942.20 2.80 Y 0.66 1.97 41.32 
94% 3-cycles 
44.00 63.00   63.00 3529.42 9.00 Y 0.94 2.41 50.56 
29.00 54.00   54.00 1993.89 5.40 Y 0.78 2.12 44.51 
23.00 65.00   65.00 1903.49 4.00 Y 0.71 1.48 31.11 
34.00 44.00   44.00 1904.77 2.90 Y 0.84 1.28 26.88 
28.00 50.00   50.00 1782.54 2.20 Y 0.77 0.95  
36.00 38.00   38.00 1741.79 2.90 Y 0.86 1.44 30.16 
33.00 80.00   80.00 3361.35 7.50 Y 0.83 1.85 38.87 
26.00 45.00   45.00 1489.69 4.70 Y 0.75 2.35 49.37 
34.00 60.00   60.00 2597.41 2.60 Y 0.84 0.84  
27.00 25.00 41.00 33.00 1134.46 2.45 Y 0.76 1.64 34.37 
24.00 40.00   40.00 1222.31 3.00 Y 0.72 1.76 37.04 
24.00 107.00   107.00 3269.68 5.50 Y 0.72 1.21 25.39 
40.00 60.00   60.00 3055.77 10.00 Y 0.90 2.96 62.16 
30.00 29.00 20.00 24.50 935.83 2.20 Y 0.79 1.87 39.23 
19.00 30.00   30.00 725.75 1.20 Y 0.65 1.07 22.47 
26.00 40.00 43.00 41.50 1373.83 6.50 Y 0.75 3.53  
30.00 59.00   59.00 2253.63 4.90 Y 0.79 1.73 36.28 
24.00 37.00   37.00 1130.64 3.30 Y 0.72 2.10 44.05 
30.00 26.00   26.00 993.13 3.80 Y 0.79 3.04 63.85 
32.00 36.00 25.00 30.50 1242.68 5.20 Y 0.82 3.42  
78% constant  
18.00 60.00   60.00 1375.10 1.30 Y 0.63 0.60  
30.00 70.00   70.00 2673.80 4.10 Y 0.79 1.22 25.59 
45.00 57.00 45.00 51.00 2922.08 9.50 Y 0.95 3.10 65.11 
31.00 45.00 27.00 36.00 1420.94 3.10 Y 0.81 1.76 36.95 
27.00 55.00   55.00 1890.76 2.70 Y 0.76 1.08  
26.00 20.00   20.00 662.08 3.10 Y 0.75 3.49 73.26 
30.00 26.00 40.00 33.00 1260.51 5.50 Y 0.79 3.47 72.81 
31.00 29.00 15.00 22.00 868.35 4.60 Y 0.81 4.27  
32.00 75.00   75.00 3055.77 6.00 Y 0.82 1.61 33.73 
27.00 60.00   60.00 2062.65 4.60 Y 0.76 1.69 35.49 
20.00 30.00   30.00 763.94 2.50 Y 0.66 2.17 45.50 
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78% Constant continued 
25.00 20.00   20.00 636.62 3.20 Y 0.73 3.68  
22.00 20.00   20.00 560.23 2.70 Y 0.69 3.33 69.95 
30.00 45.00   45.00 1718.87 4.30 Y 0.79 1.99 41.75 
49.00 20.00 35.00 27.50 1715.69 5.50 Y 0.99 3.18 66.71 
35.00 40.00   40.00 1782.54 3.90 Y 0.85 1.86 39.13 
28.00 55.00   55.00 1960.79 4.80 Y 0.77 1.89 39.60 
25.00 28.00   28.00 891.27 3.20 Y 0.73 2.63 55.19 
35.00 40.00   40.00 1782.54 5.40 Y 0.85 2.58 54.18 
30.00 40.00   40.00 1527.89 3.30 Y 0.79 1.72 36.04 
64% 3-cycle pre-drying  
30.00 50.00   50.00 1909.86 3.90 Y 0.79 1.62 34.08 
24.00 50.00 25.00 37.50 1145.92 1.60 Y 0.72 1.00 21.07 
28.00 77.00   77.00 2745.10 4.30 Y 0.77 1.21 25.34 
21.00 35.00   35.00 935.83 1.40 Y 0.68 1.01 21.26 
30.00 37.00   37.00 1413.30 2.70 Y 0.79 1.52 31.88 
27.00 40.00 20.00 30.00 1031.32 4.60 Y 0.76 3.38  
32.00 27.00   27.00 1100.08 3.00 Y 0.82 2.23 46.85 
25.00 42.00   42.00 1336.90 3.40 Y 0.73 1.86 39.10 
27.00 25.00 40.00 32.50 1117.27 2.90 Y 0.76 1.97 41.31 
30.00 44.00   44.00 1680.68 3.20 Y 0.79 1.51 31.77 
24.00 40.00   40.00 1222.31 2.30 Y 0.72 1.35 28.40 
26.00 45.00   45.00 1489.69 1.60 Y 0.75 0.80  
27.00 40.00 35.00 37.50 1289.16 3.10 Y 0.76 1.82 38.27 
29.00 37.00   37.00 1366.19 3.70 Y 0.78 2.12 44.51 
20.00 45.00   45.00 1145.92 3.10 Y 0.66 1.79 37.61 
26.00 40.00   40.00 1324.17 3.00 Y 0.75 1.69 35.45 
28.00 69.00   69.00 2459.90 2.90 Y 0.77 0.91  
28.00 24.00   24.00 855.62 3.00 Y 0.77 2.70  
30.00 35.00   35.00 1336.90 3.70 Y 0.79 2.20 46.18 
21.00 30.00   30.00 802.14 1.80 Y 0.68 1.52 31.89 
78% 3-cycles pre-drying 
43.00 56.00   56.00 3065.96 3.90 Y 0.93 1.19 24.96 
35.00 35.00   35.00 1559.72 3.50 Y 0.85 1.91 40.14 
42.00 50.00 25.00 37.50 2005.35 5.40 Y 0.92 2.49  
32.00 70.00   70.00 2852.06 4.20 Y 0.82 1.20 25.30 
25.00 35.00   35.00 1114.08 2.50 Y 0.73 1.64 34.50 
35.00 47.00   47.00 2094.48 2.30 Y 0.85 0.94 19.64 
34.00 36.00   36.00 1558.45 2.20 Y 0.84 1.19 24.92 
25.00 30.00   30.00 954.93 2.00 Y 0.73 1.53 32.20 
25.00 20.00   20.00 636.62 1.60 Y 0.73 1.84 38.64 
22.00 32.00   32.00 896.36 2.50 Y 0.69 1.93 40.48 
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78% 3-cycles pre-drying continued 
45.00 54.00 29.00 41.50 2377.77 4.90 Y 0.95 1.97 41.27 
33.00 40.00 30.00 35.00 1470.59 3.50 Y 0.83 1.97 41.46 
28.00 35.00 30.00 32.50 1158.65 2.30 Y 0.77 1.53 32.11 
33.00 28.00   28.00 1176.47 4.20 Y 0.83 2.96  
25.00 30.00   30.00 954.93 1.40 Y 0.73 1.07 22.54 
19.00 40.00   40.00 967.66 1.00 Y 0.65 0.67 14.04 
15.00 30.00   30.00 572.96 0.40 Y 0.58 0.41  
19.00 30.00   30.00 725.75 1.80 Y 0.65 1.60 33.70 
17.00 35.00   35.00 757.58 0.80 Y 0.62 0.65  
94% 3-cycle pre-drying 
45.00 65.00   65.00 3724.23 4.90 Y 0.95 1.25 26.35 
27.00 75.00 35.00 55.00 1890.76 5.50 Y 0.76 2.20 46.29 
23.00 35.00   35.00 1024.96 1.60 Y 0.71 1.10 23.11 
38.00 35.00   35.00 1693.41 3.20 Y 0.88 1.67 35.07 
20.00 25.00   25.00 636.62 1.90 Y 0.66 1.98 41.50 
29.00 37.00   37.00 1366.19 5.10 Y 0.78 2.92  
24.00 38.00   38.00 1161.19 3.30 Y 0.72 2.04 42.89 
40.00 48.00   48.00 2444.62 3.10 Y 0.90 1.15 24.09 
28.00 44.00 32.00 38.00 1354.73 4.70 Y 0.77 2.67 56.12 
20.00 35.00   35.00 891.27 0.80 Y 0.66 0.59  
27.00 50.00 39.00 44.50 1529.80 3.05 Y 0.76 1.51 31.73 
30.00 40.00 24.00 32.00 1222.31 3.10 Y 0.79 2.02 42.32 
35.00 68.00   68.00 3030.31 2.80 Y 0.85 0.79 16.53 
25.00 25.00   25.00 795.77 2.10 Y 0.73 1.93 40.57 
36.00 18.00 29.00 23.50 1077.16 4.15 Y 0.86 3.32  
25.00 32.00 41.00 36.50 1161.83 2.10 Y 0.73 1.32 27.79 
30.00 55.00 19.00 37.00 1413.30 1.10 Y 0.79 0.62  
20.00 30.00   30.00 763.94 2.00 Y 0.66 1.73 36.40 
40.00 30.00   30.00 1527.89 1.50 Y 0.90 0.89 18.65 
15.00 40.00   40.00 763.94 1.40 Y 0.58 1.07 22.39 
78% constant pre-drying 
27.00 70.00 20.00 45.00 1546.99 4.80 Y 0.76 2.35 49.38 
33.00 30.00   30.00 1260.51 4.90 Y 0.83 3.22  
25.00 55.00 40.00 47.50 1511.97 1.70 Y 0.73 0.82  
27.00 50.00 60.00 55.00 1890.76 2.00 Y 0.76 0.80  
25.00 10.00 25.00 17.50 557.04 2.20 Y 0.73 2.89 60.71 
25.00 23.00 15.00 19.00 604.79 1.90 Y 0.73 2.30 48.30 
15.00 30.00   30.00 572.96 1.70 Y 0.58 1.73 36.25 
27.00 34.00 20.00 27.00 928.19 3.00 Y 0.76 2.45 51.44 
20.00 80.00 60.00 70.00 1782.54 2.90 Y 0.66 1.08 22.62 
30.00 15.00 25.00 20.00 763.94 2.70 Y 0.79 2.81 58.98 
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78% constant pre-drying continued 
24.00 35.00 15.00 25.00 763.94 2.90 Y 0.72 2.73 57.29 
25.00 20.00   20.00 636.62 1.40 Y 0.73 1.61 33.81 
33.00 19.00   19.00 798.32 2.20 Y 0.83 2.29 48.00 
13.00 55.00   55.00 910.37 2.00 Y 0.55 1.20 25.16 
25.00 25.00 20.00 22.50 716.20 1.80 Y 0.73 1.84 38.64 




































Table	  A-­‐3	  Ohio 2 baseline point load data and calculated unconfined compressive strength 




















24.00 24.00   24.00 733.39 0.40 Y 0.72 0.39 8.23 
22.00 25.00   25.00 700.28 1.35 Y 0.69 1.33 27.98 
15.00 30.00   30.00 572.96 0.75 Y 0.58 0.76 15.99 
31.00 20.00 70.00 45.00 1776.17 3.00 Y 0.81 1.36 28.60 
34.00 30.00   30.00 1298.70 0.20 Y 0.84 0.13  
24.00 25.00   25.00 763.94 2.10 Y 0.72 1.98  
25.00 55.00   55.00 1750.70 2.45 Y 0.73 1.02 21.51 
25.00 20.00   20.00 636.62 0.20 Y 0.73 0.23  
23.00 23.00   23.00 673.54 2.15 Y 0.71 2.25  
64% 1-cycle 
22.00 35.00   35.00 980.39 3.10 Y 0.69 2.19 45.89 
22.00 45.00   45.00 1260.51 2.80 Y 0.69 1.54 32.24 
35.00 28.00   28.00 1247.77 4.90 Y 0.85 3.34 70.24 
25.00 143.00   143.00 4551.83 4.20 Y 0.73 0.68  
30.00 19.00   19.00 725.75 3.40 Y 0.79 3.72  
30.00 35.00   35.00 1336.90 2.50 Y 0.79 1.49 31.21 
20.00 67.00   67.00 1706.14 2.00 Y 0.66 0.78  
30.00 20.00   20.00 763.94 2.50 Y 0.79 2.60 54.61 
40.00 25.00   25.00 1273.24 4.30 Y 0.90 3.05 64.15 
26.00 19.00   19.00 628.98 5.50 Y 0.75 6.52  
78% 1-cycle 
37.00 60.00 70.00 65.00 3062.14 1.80 Y 0.87 0.51  
15.00 20.00   20.00 381.97 3.90 Y 0.58 5.94  
20.00 20.00   20.00 509.30 2.40 Y 0.66 3.12 65.52 
22.00 60.00   60.00 1680.68 3.00 Y 0.69 1.23  
30.00 20.00   20.00 763.94 3.60 Y 0.79 3.74 78.64 
30.00 25.00   25.00 954.93 5.00 Y 0.79 4.16 87.37 
20.00 12.00   12.00 305.58 2.00 Y 0.66 4.33 91.00 
25.00 22.00   22.00 700.28 4.40 Y 0.73 4.60  
26.00 20.00   20.00 662.08 3.30 Y 0.75 3.71 77.99 
25.00 25.00   25.00 795.77 1.70 Y 0.73 1.56 32.84 
94% 1-cycle 
26.00 80.00   80.00 2648.34 3.30 Y 0.75 0.93  
15.00 15.00   15.00 286.48 2.40 Y 0.58 4.87  
15.00 25.00   25.00 477.46 2.60 Y 0.58 3.17 66.52 
19.00 25.00   25.00 604.79 3.10 Y 0.65 3.32 69.64 
20.00 15.00   15.00 381.97 1.30 Y 0.66 2.25 47.32 
23.00 15.00   15.00 439.27 0.50 Y 0.71 0.80  
20.00 16.00   16.00 407.44 2.10 Y 0.66 3.41 71.66 
21.00 25.00   25.00 668.45 4.20 Y 0.68 4.25  
	  75	  



















94% 1-cycle continued 
20.00 12.00   12.00 305.58 1.30 Y 0.66 2.82 59.15 
23.00 45.00   45.00 1317.80 2.90 Y 0.71 1.55 32.58 
64% 2-cycles 
38.00 25.00   25.00 1209.58 2.50 Y 0.88 1.83 38.36 
40.00 35.00   35.00 1782.54 2.90 Y 0.90 1.47  
25.00 15.00   15.00 477.46 2.70 Y 0.73 4.14  
23.00 13.00   13.00 380.70 1.60 Y 0.71 2.96 62.23 
30.00 30.00   30.00 1145.92 3.50 Y 0.79 2.43 50.97 
24.00 20.00   20.00 611.15 3.90 Y 0.72 4.59  
25.00 34.00   34.00 1082.25 2.60 Y 0.73 1.76 36.93 
23.00 30.00   30.00 878.54 0.80 Y 0.71 0.64  
30.00 25.00   25.00 954.93 4.50 Y 0.79 3.74 78.64 
24.00 15.00 21.00 18.00 550.04 2.60 Y 0.72 3.40 71.34 
29.00 25.00   25.00 923.10 1.80 Y 0.78 1.53 32.05 
78% 2-cycles 
27.00 13.00 11.00 12.00 412.53 2.30 Y 0.76 4.23 88.73 
24.00 40.00 50.00 45.00 1375.10 2.50 Y 0.72 1.31  
22.00 30.00 40.00 35.00 980.39 2.70 Y 0.69 1.90 39.97 
30.00 10.00 16.00 13.00 496.56 1.80 Y 0.79 2.88 60.49 
31.00 30.00 34.00 32.00 1263.05 3.70 Y 0.81 2.36 49.61 
22.00 7.00 10.00 8.50 238.10 2.20 Y 0.69 6.39  
15.00 30.00 15.00 22.50 429.72 3.40 Y 0.58 4.60  
29.00 40.00   40.00 1476.96 3.20 Y 0.78 1.70  
26.00 39.00 21.00 30.00 993.13 4.10 Y 0.75 3.08 64.60 
20.00 20.00   20.00 509.30 2.00 Y 0.66 2.60 54.60 
94% 2-cycles 
24.00 10.00 19.00 14.50 443.09 2.70 Y 0.72 4.38  
25.00 18.00   18.00 572.96 2.60 Y 0.73 3.32 69.76 
20.00 25.00 14.00 19.50 496.56 2.50 Y 0.66 3.33 70.00 
30.00 20.00 18.00 19.00 725.75 3.80 Y 0.79 4.16  
20.00 13.00   13.00 331.04 1.60 Y 0.66 3.20 67.20 
28.00 20.00   20.00 713.01 3.50 Y 0.77 3.78 79.41 
25.00 22.00 10.00 16.00 509.30 2.85 Y 0.73 4.10 86.03 
20.00 60.00 0.00 60.00 1527.89 2.70 Y 0.66 1.17  
23.00 44.00   44.00 1288.52 2.10 Y 0.71 1.15  
25.00 40.00   40.00 1273.24 5.50 Y 0.73 3.16 66.41 
64% 3-cycles 
35.00 23.00   23.00 1024.96 3.30 Y 0.85 2.74 57.59 
28.00 32.00   32.00 1140.82 3.40 Y 0.77 2.30 48.21 
20.00 30.00   30.00 763.94 2.20 Y 0.66 1.91  
30.00 25.00   25.00 954.93 3.00 Y 0.79 2.50 52.42 
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64% 3-cycles continued 
25.00 23.00   23.00 732.11 2.10 Y 0.73 2.10  
23.00 13.00   13.00 380.70 1.80 Y 0.71 3.33  
25.00 10.00   10.00 318.31 1.70 Y 0.73 3.91  
20.00 10.00   10.00 254.65 1.00 Y 0.66 2.60 54.60 
22.00 26.00   26.00 728.29 2.60 Y 0.69 2.47 51.81 
78% 3-cycles  
21.00 24.00 10.00 17.00 454.55 2.10 Y 0.68 3.13 65.66 
36.00 25.00 10.00 17.50 802.14 2.40 Y 0.86 2.58  
33.00 20.00   20.00 840.34 2.90 Y 0.83 2.86 60.11 
40.00 40.00   40.00 2037.18 9.00 Y 0.90 4.00  
25.00 20.00   20.00 636.62 2.80 Y 0.73 3.22 67.61 
26.00 15.00   15.00 496.56 3.20 Y 0.75 4.80  
27.00 13.00   13.00 446.91 1.80 Y 0.76 3.05 64.10 
33.00 20.00   20.00 840.34 2.10 Y 0.83 2.07  
27.00 25.00   25.00 859.44 4.00 Y 0.76 3.53 74.07 
20.00 20.00   20.00 509.30 2.00 Y 0.66 2.60 54.60 
94% 3-cycles 
20.00 30.00   30.00 763.94 1.30 Y 0.66 1.13 23.66 
25.00 19.00   19.00 604.79 2.60 Y 0.73 3.15 66.09 
35.00 15.00   15.00 668.45 2.40 Y 0.85 3.06 64.22 
20.00 20.00   20.00 509.30 0.60 Y 0.66 0.78 16.38 
27.00 15.00   15.00 515.66 2.60 Y 0.76 3.82  
15.00 15.00   15.00 286.48 0.30 Y 0.58 0.61  
25.00 55.00   55.00 1750.70 2.20 Y 0.73 0.92 19.32 
22.00 15.00   15.00 420.17 2.00 Y 0.69 3.29  
15.00 25.00   25.00 477.46 0.60 Y 0.58 0.73  
20.00 10.00   10.00 254.65 0.80 Y 0.66 2.08 43.68 
23.00 15.00     1.90 Y 0.66 1.13 23.66 
78% constant 
35.00 34.00 5.00 19.50 868.99 2.40  0.85 2.35 49.40 
24.00 27.00   27.00 825.06 2.10  0.72 1.83 38.42 
20.00 14.00   14.00 356.51 2.50  0.66 4.64  
15.00 14.00   14.00 267.38 1.80  0.58 3.92 82.24 
25.00 35.00   35.00 1114.08 1.90  0.73 1.25  
26.00 22.00   22.00 728.29 4.90  0.75 5.01  
31.00 35.00   35.00 1381.46 2.60  0.81 1.52  
30.00 15.00   15.00 572.96 1.80  0.79 2.50 52.42 
25.00 15.00 34.00 24.50 779.86 4.00  0.73 3.75 78.85 

















1st Cycle Slake 
Durability 
Baseline 
1 Air dried 0.62 497.40 421.40 85.25 
2 Air dried 0.89 504.15 456.90 504.15 
3 Oven dried 0.00 495.45 465.00 93.85 
64% 1-cycle 
1 Air dried 0.52 473.28 362.91 77.08 
2 Air dried 0.52 515.83 413.16 80.52 
78% 1-cycle 
1 Air dried 0.68 492.23 425.36 87.00 
2 Air dried 0.68 485.92 421.37 86.86 
94% 1-cycle 
1 Air dried 0.49 488.19 394.19 81.14 
2 Air dried 0.49 496.10 404.21 81.88 
64% 2-cycles 
1 Air dried 0.52 487.46 400.76 82.64 
2 Air dried 0.52 490.65 389.74 81.25 
78% 2-cycle 
1 Air dried 0.55 640.30 548.55 85.67 
2 Air dried 0.55 385.10 325.50 84.52 
94% 2-cycles 
1 Air dried 0.60 469.10 403.53 86.02 
2 Air dried 0.60 474.12 400.24 84.42 
64% 3-cycles 
1 Air dried 0.54 498.85 368.79 73.93 
2 Not dried 0.85 484.11 383.38 79.19 
78% 3-cycles 
1 Air dried 0.66 473.54 365.59 77.20 
2 Not dried 0.91 509.57 409.95 80.45 
94% 3-cycles 
1 Air dried 0.48 493.66 410.00 83.05 
2 Not dried 0.79 485.05 413.74 85.30 
78% constant 
1 Air dried 0.59 487.53 410.85 84.27 
2 Not dried 0.59 494.73 390.21 78.87 


















1st Cycle Slake 
Durability 
Baseline 
1 Air dried 0.83 500.16 477.70 96.31 
2 Air dried 0.70 439.54 417.93 95.76 
64% 1-cycle 
1 Air dried 0.25 504.19 482.46 95.93 
2 Air dried 0.25 454.67 437.06 96.37 
78% 1-cycle 
1 Air dried 0.20 519.15 505.59 97.39 
2 Air dried 0.20 509.44 490.76 96.33 
94% 1-cycle 
1 Air dried 0.18 494.99 473.93 95.92 
2 Air dried 0.18 526.54 512.50 97.51 
64% 2-cycles 
1 Air dried 0.22 508.97 483.41 94.97 
2 Air dried 0.22 467.51 462.04 98.82 
78% 2-cycles 
1 Air dried 0.28 480.75 464.23 96.56 
2 Air dried 0.28 454.39 439.73 96.77 
94% 2-cycles 
1 Air dried 0.24 472.84 462.22 97.75 
2 Air dried 0.24 490.67 474.82 96.77 
64% 3-cycles 
1 Air dried 0.15 503.40 477.10 94.78 
2 Not dried 0.75 454.11 429.75 94.64 
78% 3-cycles 
1 Air dried 0.20 489.71 468.91 95.75 
2 Not dried 0.87 463.77 450.33 97.10 
94% 3-cycles 
1 Air dried 0.29 493.49 458.60 92.93 
2 Not dried 0.80 482.39 466.34 96.67 
78% constant 
1 Air dried 0.22 427.46 418.40 97.88 























1st Cycle Slake 
Durability 
1 Air dried 1.52 428.81 378.54 89.64 
64% 1-cycle 
1 Air dried 0.80 486.00 447.85 92.51 
78% 1-cycle 
1 Air dried 0.85 432.50 386.63 89.39 
94% 1-cycle 
1 Air dried 0.97 432.41 388.60 89.87 
64% 2-cycles 
1 Air dried 0.79 408.19 367.60 90.06 
78% 2-cycles 
1 Air dried 0.90 360.06 324.21 90.04 
94% 2-cycles 
1 Air dried 0.93 298.12 270.87 90.86 
64% 3-cycles 
1 Air dried 0.80 375.48 341.00 90.82 
78% 3-cycles 
1 Air dried 0.76 362.77 323.69 89.23 
94% 3-cycles 
1 Air dried 0.95 365.82 329.92 90.19 
78% constant 






























Post-Test Weight (g) 2nd Cycle Slake Durability 
Baseline 
1 Air dried 421.40 329.40 78.17 
2 Air dried 456.90 335.69 73.47 
3 Oven dried 465.00 359.25 77.26 
64% 1-cycle 
1 Air dried 362.91 177.01 48.78 
2 Air dried 413.16 204.31 49.45 
78% 1-cycle 
1 Air dried 425.36 286.99 67.47 
2 Air dried 421.37 278.57 66.11 
94% 1-cycle 
1 Air dried 394.19 231.46 58.72 
2 Air dried 404.21 248.63 61.51 
64% 2-cycles 
1 Air dried 400.76 241.17 60.18 
2 Air dried 389.74 257.46 66.06 
78% 2-cycles 
1 Air dried 548.55 327.40 59.68 
2 Air dried 325.50 168.57 51.79 
94% 2-cycles 
1 Air dried 403.53 254.73 63.13 
2 Air dried 400.24 279.87 69.93 
64% 3-cycles 
1 Air dried 368.79 203.62 55.21 
2 Not dried 383.38 223.36 58.26 
78% 3-cycles 
1 Air dried 365.59 212.33 58.08 
2 Not dried 409.95 227.74 55.55 
94% 3-cycles 
1 Air dried 410.00 268.92 65.59 
2 Not dried 413.74 252.14 60.94 
78% constant 
1 Air dried 410.85 302.77 73.69 
2 Not dried 390.21 187.58 48.07 
















Post-Test Weight (g) 2nd Cycle Slake Durability 
Baseline 
1 Air dried 477.70 448.20 93.82 
2 Air dried 417.93 384.56 92.02 
64% 1-cycle 
1 Air dried 482.46 415.06 86.03 
2 Air dried 437.06 376.75 86.20 
78% 1-cycle 
1 Air dried 505.59 471.59 93.28 
2 Air dried 490.76 456.56 93.03 
94% 1-cycle 
1 Air dried 473.93 419.09 88.43 
2 Air dried 512.50 497.65 97.10 
64% 2-cycles 
1 Air dried 475.41 457.31 96.19 
2 Air dried 470.04 456.01 97.02 
78% 2-cycles 
1 Air dried 464.23 403.59 86.94 
2 Air dried 439.73 352.33 80.12 
94% 2-cycles 
1 Air dried 462.22 451.72 97.73 
2 Air dried 474.82 454.13 95.64 
64% 3-cycles 
1 Air dried 477.10 430.12 90.15 
2 Not dried 429.75 386.79 90.00 
78% 3-cycles 
1 Air dried 468.91 436.21 93.03 
2 Not dried 450.33 428.82 95.22 
94% 3-cycles 
1 Air dried 458.60 395.55 86.25 
2 Not dried 466.34 442.55 94.90 
78% constant 
1 Air dried 418.40 409.03 97.76 


















Post-Test Weight (g) 2nd Cycle Slake Durability 
Baseline 
1 Air dried 378.54 353.90 93.49 
64% 1-cycle 
1 Air dried 447.85 423.85 94.64 
78% 1-cycle 
1 Air dried 386.63 305.74 79.08 
94% 1-cycle 
1 Air dried 388.60 313.40 80.65 
64% 2-cycles 
1 Air dried 367.60 306.39 83.35 
78% 2-cycles 
1 Air dried 324.21 315.07 97.18 
94% 2-cycles 
1 Air dried 270.87 250.76 92.58 
64% 3-cycles 
1 Air dried 323.69 264.71 81.78 
78% 3-cycles 
1 Air dried 329.92 301.25 91.31 
94% 3-cycles 
1 Air dried 276.97 258.72 93.41 
78% constant 
1 Air dried 341.00 309.57 90.78 
 
 
 
 
 
 
	  
